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PREFACE
In keeping with the objectives of earlier editions dealing 
with the casting o f copper-base alloys, an attempt has 
been made here by the AFS Brass and Bronze Division 
to summarize and present current knowledge in a m an­
ner which will be beneficial to both technical and 
operating personnel.

The first AFS book containing information on 
copper-base alloys, Recommended Practices fo r  the 
Sand Casting o f  Non-Ferrous Alloys, was published in 
1944. It covered copper-base, alum inum  and 
magnesium alloys. In 1952 a second edition appeared, 
Copper-Base A lloy Foundry Practices, which dealt only 
with alloys of copper. Rapidly changing foundry 
technology necessitated the publication of a second edi­
tion of the same title in 1965.

During the past two decades, even greater changes 
have taken place within the industry, not only in the

technology of foundry operations but also in the en­
vironmental sciences. This book extensively revises the 
earlier edition, providing up-to-date information re­
quired for the application of modern foundry principles 
and practices to the casting of copper-base alloys.

While not intended to be all-encompassing, this edi­
tion attempts to cover in a factual way the most impor­
tant basic principles and techniques of copper-base alloy 
casting. Extensive references are cited throughout the 
bôok for further reading.

More than twenty years of research on alloy 
solidification behavior and melt quality control is con­
tained in the new material presented here, in addition to 
data on sand control and chemical binder systems.

Casting Copper-Base A lloys provides information 
vital to experienced brass and bronze foundrymen as 
well as to newcomers in the industry.

Mervin T. Rowley 
Coordinating Editor
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Chapter 1 

STANDARD DESIGNATIONS FOR COPPER 
AND COPPER ALLOYS

INTRODUCTION
In the past, cast copper alloys were classified by a vari­
ety of systems including by the ASTM letter-number 
designation based on nominal composition, by trade 
names, and by descriptive terms such as “ ounce m etal,” 
‘‘Navy M ,” and so forth. However, with technological 
developments, new alloys were produced and existing 
alloys modified, making the old designation systems in­
adequate and misleading. A new system was developed 
based on a precise description of the composition range 
for each alloy, which is now the accepted alloy designa­
tion system used in North America for cast copper and 
copper alloy products. Originally developed as a three- 
digit system by the~ cbpper and brass industry, the 
designations have now been expanded to five digits that 
follow a prefix letter “ C ,” and have been made part of 
the Unified Numbering System for Metals and Alloys. 
The Unified Numbering System is managed jointly by 
the American Society for Testing and Materials, and the 
Society of Automotive Engineers. The UNS designa­
tions are expanded versions of the former designations. 
For example, copper alloy no. 836 in the original three- 
digit system became C83600 in the UNS system. The 
previous designations will continue to be used over a 
transition period of several years. Because the old 
numbers are incorporated in the new UNS numbers, 
there is little chance for confusion. This system is also 
being used in Australia and Brazil.

The designation system is administered by the Copper 
Development Association, Inc. New designations are 
assigned as new coppers and copper alloys come into 
commercial use, and designations are discontinued when 
an alloy ceases to  be used commercially. Anyone may 
submit requests for changes in the list. New designations 
are assigned if a copper or copper alloy meets three 
criteria:

1) The complete chemical composition is disclosed.

2) The copper or copper alloy is in commercial use or is 
proposed for commercial use.

3) The composition does not fall within the limits o f an 
already designated composition in the list. (Excep­
tions may be made for standard alloys for countries 
outside N orth America.)

With this system, cast alloys are numbered from 
C80000 through C99999. The compositions are grouped 
into the following families of coppers and copper alloys:

Coppers. Metals which have a designated minimum cop­
per content of 99.3% or higher.

High-Copper Alloys. The cast high-copper alloys have 
designated copper contents in excess of 94%, to which 
silver may be added for special properties.

Brasses. These alloys contain zinc as the principal alloy­
ing element, with or without other designated alloying 
elements present such as iron, aluminum, nickel, and 
silicon. The cast alloys comprise four m ajor families of 
brasses: copper-tin-zinc alloys (red, semi-red, and yellow 
brasses); manganese bronze alloys (high-strength yellow 
brasses); leaded manganese bronze alloys (leaded, high- 
strength yellow brasses); and copper-zinc-silicon alloys 
(silicon brasses and bronzes). As noted, the designations 
are based on precise compositional limits; however, the 
ingot analysis may differ slightly from the composition 
shown (which is for the final casting). This is to allow for 
the loss of elements by oxidation or volatilization, or the 
possible pickup of impurities when the ingot is remelted 
to make the casting.
Bronzes. Broadly speaking, bronzes are copper alloys in 
which the m ajor alloying element is not zinc or nickel. 
Originally, ‘ ‘bronze” described alloys with tin as the only 
or principal alloying element. Today the term is generally 
not used by itself but with a modifying adjective. The cast 
alloys include four main families of bronzes: copper-tin 
alloys (tin bronzes); copper-tin-lead alloys (leaded and 
high-leaded tin bronzes); copper-tin-nickel aloys (nickel- 
tin bronzes); and copper-aluminum alloys (aluminum 
bronzes). The family of alloys known as manganese 
bronzes, in which zinc is the m ajor alloying element, is in­
cluded in the brasses category above.

Copper-Nickels. These are alloys with nickel as the prin­
cipal alloying element, with or without other designated 
alloying elements present.

Copper-Nickel-Zinc Alloys. Known commonly as 
‘‘nickel silvers,”  these are alloys which contain zinc and 
nickel as the principal and secondary alloying elements, 
with or without the presence of other designated 
elements.

Leaded Coppers. These comprise a series of cast alloys of 
copper with 20% or more lead, usually with a small 
amount of silver present but without tin or zinc.

Special Alloys. Alloys whose chemical compositions do 
not fall into any of the above categories are categorized as 
“ special alloys.”

The use of these standard designations is optional.
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Table 1-1

Alloy N o.: C83600 C92200 C93700

Casting Method: Sand
or

Centrifugal1

Continuous2 Sand1
or

Centrifugal

C ontinuous2 Sand
or

Centrifugal1

Continuous2

Tensile Strength: 30
0.5 Yield Strength: 14
Elongation % in 2 in.: 20

36
19
15

34
16
24

38
19
18

30
12
15

35
20

6

'ASTM B5 84-79, ASTM  B271-73  
2ASTM  B505-81

They do not preclude the manufacture or supply of prod­
ucts which do not conform to them.

The designated compositional limits do not preclude 
the possible presence of other unspecified elements. By 
agreement between supplier and consumer, an analysis 
may be required, and limits may be established for 
elements not cited. Percentage contents of elements 
shown as “ remainder” are normally calculated by dif­
ference.

DESIGNATION NUMBER AND CHEMICAL 
COMPOSITION
The designation numbers and chemical compositions 
currently assigned to various alloys are listed in Table 1 -2. 
It will be noted that, with the exception of numbers in the 
C81000 and C94000 series where there is some overlap, 
each alloy family is limited to a specific series of numbers. 
For example, the yellow and leaded yellow brasses are all 
confined to numbers in the C85000 series, the nickel 
silvers to those in the C97000 series, and so on.

MECHANICAL PROPERTIES
Mechanical properties are not considered in this 
designation system, which is based solely on chemical 
composition. The mechanical properties are a function 
o f the manufacturing method as well as of composition, 
as shown in Table 1-1.

The example above emphasizes the fact that the 
designation system is not a specification to which prod­
ucts are manufactured. Thus, before manufacturing 
starts, reference must be made to the current relevant 
specifications.

For more detailed inform ation on the designation 
system, composition, foundry, and physical and mech­
anical properties, etc., the reader is referred to Chapter 
17, and to Standards Handbook, Cast Copper and Cop­
per A lloy Products, Part 7—Alloy Data, from Copper 
Development Assoc. Inc., 405 Lexington Avenue, New 
York, NY 10017.

Table 1-2. Designation Number and Chemical Composition o f Cast Copper Alloys

COPPERS

COMPOSITION, PERCENT MAXIMUM 
(UNLESS SHOWN AS A RANGE OR MINIMUM)

Cu Ag
COPPER (incl.Ag) % Troy Oz

NO. (% min.) min min B

C80100 99.95 . - -

C80300 99-95 .034 10 -

C80500 99.75 .034 10 .02
C80700 99.75 - - .02
C80900 99.70 .034 10 -

C81100 99.70 - - -



Table 1-2, continued

COMPOSITION, PERCENT MAXIMUM (UNLESS SHOWN AS A RANGE OR MINIMUM)

COPPER
ALLOY

HIGH-COPPER ALLOYS

NO. Cu Ag Be Co Si Ni Fe Al Sn Pb Zn Cr

C81300 98.5min. .02-.10 .6-1.0 _ _ _ _ _ _ _

C81400 98.5min. .02-. 10 - _ - - - - .6-1.0
C81500 98.0min. ... ■ - - .15 _ .10 .10 .10 .02 .10 .40-1.5
C81540 95.1 min.1 - - - -40-.8 2.0-3.02 .15 .10 .10 .02 .10 .10-.6
C81700 94.2min. .8-1.2 .30-.55 .25-1.5 .25-1.5 -  - - - - - -

C81800 95.6min. .8-1.2 .30-.55 1.4-1.7 ' _ - - - - - —

C82000 95.0mjn. - .45-.8 2.4-2.72 .15 .20 .10 .10 .10 .02 .10 .10
C82100 95.5min. - .35-.8 .25-1.5 - .25-1.5 - - - - -  ■'■■■
C82200 96.5min. - .35-,8 - - 1.0-2.0 -  ■. - - -

C82400 96.4min. - 1.65-1.75 .20-.40 - .10 .20 .15 .10 .02 .10 .10
C82500 95.5min. - 1.90-2.15 .35-. 72 .20-.35 .20 .25 .15 .10 .02 .10 .10
C82510 95.5min. - 1.90-2.15 1.0-1.2 .20-.35 .20 .25 .15 .10 .02 .10 .10
C82600 95.2min. - 2.25-2.45 .35-.7 .20-.35 .20 .25 .15 .10 .02 .10 .10
C82700 94.6min. - 2.35-2.55 - .15 1.0-1.5 .25 .15 .10 .02 .10 .10
C82800 94.8min. - 2.50-2.75 .35-. 72 .20-.35 .20 .25 .15 .10 .02 .10 .10

COPPER-T1N-Z1NC AND- COP PE R-TIN-ZINC-LEAD ALLOYS 
(RED BRASSES AND LEADED RED BRASSES)

COMPOSITION, PERCENT MAXIMUM (UNLESS SHOWN AS A RANGE OR MINIMUM)

COPPER
ALLOY Ni 

NO. Cu Sn Pb Zn Fe Sb As (incl. Co) S P3 Al Si Bi

C83300 92.0-94.0 1.0-2.0 1.0-2.0 2.0-6.0 _ _ _ ' ' _ • , _ ■ _ - - -

C83400 88.0-92.00 .20 .50 8.0-12.0 - - - - - - -
C83410 88.0-91.04 1.0-2.0 .10 Rem. .05 - - .05 - -  ■ .005 .005 -
C83450 87.0-89.0 2.0-3.5 1.5-3.0 5.5-7.5 .30 .25 - .8-2.0 .08 .03 .005 .005 -
C83500 86.0-88.04 5.5-6.5 3.5-5.5 1.0-2.5 .25 .25 - .50-1.0 .08 .03 .005 .005 -
C83600 84.0-86.04 4.0-6.0 4.0-6.0 4.0-6.0 .30 .25 - 1.04 .08 .05 .005 .005 -
C83700 83.0-88.04 -  .50 Rem. .30 - .05-.20 .30 - : - .005 .005 -

C83800 82.0-83.84 3.3-4.2 5.0-7.0 5.0-8.0 .30 .25 - 1 .04 .08 .03 .005 .005 -
C83810 Rem. 2.0-3.5 4.0-6.0 7.5-9.5 (5) (5) (5) 2.0 .01 .02 .10

SEMI-RED BRASSES AND LEADED SEMI-RED BRASSES

COMPOSITION, PERCENT MAXIMUM (UNLESS SHOWN AS A RANGE OR MINIMUM)

COPPER
ALLOY Ni4

NO. Cu4 Sn Pb Zn Fe Sb (incl. Co) S P3 Al Si

C84200 78.0-82.0 4.0-6.0 2.0-3.0 10.0-16.0 .40 .25 .8 .08 .05 .005 .005
C84400 78.0-82.0 2.3-3.5 6.0-8.0 7.0-10.0 .40 .25 1.0 .08 .02 .005 .005
C84500 77.0-79.0 2.0-4.0 6.0-7.5 10.0-14.0 .40 .25 1.0 .08 .02 .005 005
C84800 75.0-77.0 2.0-3.0 5.5-7.0 13.0-17.0 .40 .25 1.0 .08 .02 .005 .005

YELLOW BRASSES AND LEADED YELLOW BRASSES

COMPOSITION, PERCENT MAXIMUM (UNLESS SHOWN AS A RANGE OR MINIMUM)

COPPER 
ALLOY 

NO. Cu
Ni

Sn Pb Zn Fe Sb (incl. Co) Mn As S P Al Si

C85200 70.0-74.0 .7-2.0 1.5-3.8 20.0-27.0 .6 .20 1.0 - .05 .02 .005 .05
C85210 70.0-75.0 1.0-3.0 2.0-5.0 Rem. .8 - 1.0 - .02-.06 - - .005 .005
C85310 68.0-73.0 1.5 2.0-5.0 Rem. .8 - 1.0 - .02-.066 - - .01 —
C85400 65.0-70.0 .50-1.5 1.5-3.8 24.0-32.0 .7 1.0 - - - .35 .05
C85500 59.0-63.0 .20 .20 Rem. .20 - .20 .20 - - - - -
C85700 58.0-64.0 .50-1.5 .8-1.5 32.0-40.0 .7 - 1.0 -  ■ . - .8 .05
C85710 58.0-63.0 1.0 1.0-2.5 Rem. .8 - .10 .50 - - - .20-.8 .05
C85800 57.0min. 1.5 1.5 31.0-41.0 .50 .05 .50 .25 .05 .05 .01 .55 .25
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Table 1-2, continued

MANGANESE AND LEADED MANGANESE BRONZE ALLOYS

COMPOSITION, PERCENT MAXIMUM (UNLESS SHOWN AS A RANGE OR MINIMUM)

COPPER
ALLOY Ni

NO. Cu Sn Pb Zn Fe (incl. Co) Al Mn

C86100 66.0-68.0 .20 .20 Rem. 2.0-4.0 _ 4.5-5.5 2.5-5.0
C86200 60.0-66.0 .20 .20 22.0-28.0 2.0-4.0 1.0 3.0-4.9 2.5-5.0
C86300 60.0-66.0 .20 .20 22.0-28.0 2.0-4.0 1.0 5.0-7.5 2.5-5.0
C86400 56.0-62.0 .50-1.5 .50-1.5 34.0-42.0 .40-2.0 1.0 .50-1.5 .10-1.0
C86500 55.0-60.0 1.0 .40 36.0-42.0 .40-2.0 1.0 .50-1.5 .10-1.5
C86700 55.0-60.0 1.5 .5-1.5 30.0-38.0 1.0-3.0 1.0 1.0-3.0 1.0-3.5
C86800 53.5-57.0 1.0 .20 Rem. 1.0-2.5 2.5-4.0 2.0 2.5-4.0

COPPER-SILICON ALLOYS (SILICON BRONZES AND SILICON BRASSES)

COMPOSITION, PERCENT MAXIMUM (UNLESS SHOWN AS A RANGE OR MINIMUM)

COPPER
ALLOY Ni 

NO. Cu Sn Pb Zn Fe Al Si Mn Mg (incl. Co) S

OTHER
NAMED

ELEMENTS

C87300 94.0min. _ .20 .25 .20 _ 3.5-4.5 .8-1.5 - - - -

C87400 79.0min. _ 1.0 12.0-16.0 - .8 2.5-4.0 - - - - -

C87410 79.0min. - 1.0 12.0-16.0 - .8 2.5-4.0 - - - .03-.06AS
C87420 79.0min. - 1.0 12.0-16.0 - .8 2.5-4.0 - - - - .03-.06Sb
C87430 79.0m in. - 1.0 12.0-16.0 - .8 2.5-4.0 - - - - .03-.06P
C87500 79.0min. _ .50 12.0-16.0 - .50 3.0-5.0 - - - - -

C87510 79.0min. _ .50 12.0-16.0 - .50 3.0-5.0 - - - - .03-.06AS
C87520 79.0min. - .50 12.0-16.0 - .50 3.0-5.0 - - - - ,03-06Sb
C87530 79.0min. _ .50 12.0-16.0 - .50 3.0-5.0 - - - - ■03-.06P
C87600 88.0min. - .50 4.0-7.0 .20 - 3.5-5.5 .25 - - - -

C87800 80.0min. .25 .15 12.0-16.0 .15 .15 3.8-4.2 .15 .01 .20 .05 .01P 
.05As 
.05Sb

C87900 63.0min. .25 .25 30.0-36.0 .40 .15 .8-1.2 .15 .50 .05 .01P 
.05As 
.05Sb

COPPER-TIN ALLOYS

COPPER 
ALLOY 

NO. Cu

(TIN BRONZES)

COMPOSITION, PERCENT MAXIMUM

Sn
Pb Zn Fe

(UNLESS SHOWN AS A RANGE OR MINIMUM) 

Ni
Sb (incl. Co) S P3 Al Si Mn

C90200 91.0-94.0 6.0-8.0 .30- .50 .20 .20 .50 .05 .05 .005 .005 -

C90250 89.0-91.0 9.0-11.0 .30 .50 .25 .20 ,85 .05 .05 .005 .005 .10
C90300 86.0-89.04 7.5-9.0 .30 3.0-5.0 .20 .20 1,05 .05 .05 .005 .005 -

C90500 86.0-89.04 9.0-11.0 .30 i . 0-3.0 .20 .20 1.05 .05 .05 .005 .005 -

C90700 88.0-90.0 10.0-12.0 .50 .50 .15 .20 .50 .05 .30 .005 .005 -

C90710 Rem. 10.0-12.0 .25 .05 .10 - .10 - .50-1.2 .005 .005 -

C90800 85.0-89.0 11.0-13.0 .25 .25 .15 .20 .50 .05 .30 .005 .005 -

C90810 85.0-89.0 11.0-13.0 .25 .25 .15 .20 .50 .05 .15-.8 .005 .005 -

C90900 86.0-89.0 12.0-14.0 .25 .25 .15 .20 .50 .05 .05 .005 .005 -

C91000 84.0-86.0 14.0-16.0 .20 1.5 .10 .20 .8 .05 .05 .005 .005 -

C91100 82.0-85.0 15.0-17.0 .25 .25 .25 .20 .50 .05 1.0 .005 .005 -

C91300 79.0-82.0 18.0-20.0 .25 .25 .25 .20 .50 .05 1.0 .005 .005 -

C91600 86.0-89.0 9.7-10.8 .25 .25 .20 .20 1.2-2.0 .05 .30 .005 .005 -

C91700 84.0-87.0 11.3-12.5 .25 .25 .20 .20 1.2-2.0 .05 .30 .005 .005 -
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Table 1-2, continued

COMPOSITION, PERCENT MAXIMUM (UNLESS SHOWN AS A RANGE OR MINIMUM)

COPPER
ALLOY Ni

COPPER-TIN-LEAD ALLOYS (LEADED TIN BRONZES)

NO. Cu Sn Pb Zn Fe Sb (incl. Co) S p3 AI Si Bi

C92200 86.0-90.04 5.5-6.5 1.0-2.0 3.0-5.0 .25 .25 1.04 .05 .05 .005 .005
C92300 85.0-89.04 7.5-9.0 .30-1.0 2.5-5.0 .25 .25 1.04 .05 .05 .005 .005 _
C92310 86.0-89.0 7.5-8.5 .30-1.5 3.5-4.5 _ - 1.0 - - .005 .005 .03
C92400 86.0-89.04 9.0-11.0 1.0-2.5 1.0-3.0 .25 .25 1.04 .05 .05 .005 .005 _

C92410 Rem. 6.0-8.0 2.5-3.5 1.5-3.0 .20 .25 2.0 - -  ■ .01 .01 .05
C92500 85.0-88.0 10.0-12.0 1.0-1.5 .50 .30 .25 .8-1.5 .05 .30 .005 .005 _

C92600 86.0-88.5 9.3-10.5 .8-1.5 1.3-2.5 .20 25 .7 .05 .03 .005 .005 _

C92610 Rem. 9.5-10.5 .30-1.5 1.7-2.8 .15 _ 1.0 - - .005 .005 .03
C92700 86.0-89.0 9.0-11.0 1.0-2.5 .7 .20 .25 1.0 .05 .25 .005 .005 _

C92710 Rem. 9.0-11.0 4.0-6.0 1.0 .20 .25 2.0 .05 .10 .005 .005 _

C92800 78.0-82.0 15.0-17.0 4.0-6.0 .8 .20 .25 .8 .05 .05 .005 .005 _

C92900 82.0-86.0 9.0-11.0 2.0-3.2 .25 .20 .25 2.8-4.0 .05 .50 .005 .005

COPPER-TIN-LEAD (HIGH-LEADED TIN BRONZES)

COMPOSITION, PERCENT MAXIMUM (UNLESS SHOWN AS A RANGE OR MINIMUM)

COPPER
ALLOY Ni 

NO. Cu4 Sn Pb Zn Fe Sb (incl. Co.) S P3 AI Si

C93100 Rem. 6.5-8.5 2.0-5.0 2.0 .20 .25 1.0 .05 .30 .005 .005
C93200 81.0-85.0 6.3-7.5 6.0-8.0 2.0-4.0 .20 .35 1.04 .08 .15 .005 .005
C93400 82.0-85.0 7.0-9.0 7.0-9.0 .8 .20 .50 1.0 .08 .50 .005 .005
C93500 83.0-86.0 4.30-6.0 8.0-10.0 2.0 .20 .30 1 04 .08 .05 .005 .005
C93600 79.0-83.0 6.0-8.0 11.0-13.0 1.0 .20 .35 1.0 .08 .15 .005 .005
C93700 78.0-82.0 9.0-11.0 8.0-11.0 .8 • 157 .55 1.04 .08 .15 .005 .005
C93800 75.0-79.0 6.3-7.5 13.0-16.0 .8 .15 .8 1.04 .08 .05 .005 .005
C93900 76.5-79.5 5.0-7.0 14.0-18.0 1.5 .40 .50 .84 .08 1.5 .005 .005
C94000 69.0-72.0 12.0-14.0 14.0-16.0 .50 .25 .50 .50-1.04 .08s .05 .005 .005
C94100 65.0-75.0 4.5-6.5 15.0-22.0 3.0 .25 .8 .8 .08 .05 .005 .005
C94300 68.5-73.5 4.5-6.0 22.0-25.0 .8 .15 .8 1.04 .08 .05 .005 .005
C94400 Rem. 7.0-9.0 9.0-12.0 .8 .15 .8 1.0 .08 .50 .005 .005
C94500 Rem. 6.0-8.0 16.0-22.0 1.2 .15 .8 1.0 .08 .05 .005 .005

COPPER-TIN-NICKEL ALLOYS (NICKEL-TIN BRONZES)

COMPOSITION, PERCENT MAXIMUM (UNLESS SHOWN AS A RANGE OR MINIMUM)

COPPER
ALLOY Ni

NO. Cu Sn Pb Zn Fe Sb (incl. Co) Mn S P AI Si
C94700 85.0-90.0 4.5-6.0 .109 1.0--2.5 .25 .15 4.5-6.0 .20 .05 .05 .005 .005
C94800 84.0-89.0 4.5-6.0 .30-1.0 1.0--2.5 .25 .15 4.5-6.0 .20 .05 .05 .005 .005
C94900 79.0-81.0 4.0-6.0 4.0-6.0 4.0--6.0 .30 .25 4.0-6.0 .10 .08 .05 .005 .005
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Table 1-2, continued

COPPER-ALUMINUM-IRON AND COPPER-ALUMINUM-IRON-NICKEL ALLOYS (ALUMINUM BRONZES)

COMPOSITION, PERCENT MAXIMUM (UNLESS SHOWN AS A RANGE OR MINIMUM)

COPPER
ALLOY . Ni

NO. Cu Pb Fe (incl. Co) AI Mn Mg Si Zn P

C95200 86.0 min. — 2.5-4.0 — 8.5-9.5 __ _ _ _ —
C95210 86.0 min. — 2.5-4.0 — 8.5-9.5 — — — . — —
C95300 86.0 min. — .8-1.5 — 9.0-11.0 — — — — —
C95400 83.0 min. — 3.0-5.0 1.5 10.0-11.5 .50 _ —- ; ; . ; — —
C95410 83.0 min. — 3.0-5.0 1.5-2.5 10.0-11.5 .50 ■ — — --- --- ;
C95500 78.0 min. — 3.0-5.0 3.0-5.5 10.0-11.5 3.5 — ---: --- ---
C95600 88.0 min. — — .25 6.0-8.0 — • — ■ 1.8-3.3 --- ---
C95700 71.0 min. .03 2.0-4.0 1.5-3.0 7.0-8.5 11.0-14.0 — .10 --- — . ;
C95710 71.0 min. 1.0 2.0-4.0 1.5-3.0 7.0-8.5 11.0-14.0 '■— .15 .50 .05
C95800 79.0 min. .03 3.5-4.5 4.0-5.0 8.5-9.5 .8-1.5 — .10 — —
C95810 79.0 min. .10 3.5-4.5 4.0-5.0 8.5-9.5 1.5 ? .05 .10 .50

COPPER-NICKEL-IRON ALLOYS (COPPER-NICKELS)

COMPOSITION, PERCENT MAXIMUM (UNLESS SHOWN AS A RANGE OR MINIMUM)

COPPER OTHER
ALLOY Ni NAMED

NO. Cu Pb Fe (incl. Co) Mn Si Nb C Be ELEMENTS

C96200 84.5-87.0 .031° 1.0-1.8 9.0-11.0 1.5 .30 1.0 .10 _ _
C96300 Rem. ,0310 .40-1.0 18.0-22.0 1.0 .7 1.0 - - -
C96400 65.0-69.0 .031° .25-1.5 28.0-32.0 1.5 .50 .50-1.5 .15 - -

C96600 Rem. .01 .8-1.1 29.0-33.0 1.0 1.5 - - .40-.7 -  / -
C96700 Rem. .01 .7-1.0 29.0-33.0 .7 .15 - - 1.1-1.2 .10-.20Zr

.10-.20Ti
C96800 Rem. .005 .50 9.5-10.5 0 01 I CO o .05

oC
Ofo

(11)

COPPER-NICKEL-ZINC ALLOYS (NICKEL SILVERS)

COMPOSITION, PERCENT MAXIMUM (UNLESS SHOWN AS A RANGE OR MINIMUM)

COPPER
ALLOY Ni

NO. Cu Sn Pb Zn Fe Sb (incl. Co) S P AI Mn Si

C97300 53.0-58.0 1.5-3.0 8.0-11.0 17.0-25.0 1.5 .35 11.0-14.0 .08 .05 .005 .50 .15
C97400 58.0-61.0 2.5-3.5 45 -5 .5  Rem. 1.5 — 15.5-17.0 — — .50
C97600 63.0-67.0 3.5-4.5 3.0-5.0 3.0-9.0 1.5 .25 19.0-21.5 .08 .05 .005 1.0 .15
C97800 64.0-67.0 4.0-5.5 1.0-2.5 1.0-4.0 1.5 .20 24.0-27.0 .08 .05 .005 1.0 .15
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Table 1-2, continued

COMPOSITION, PERCENT MAXIMUM (UNLESS SHOWN AS A RANGE OR MINIMUM)

COPPER-LEAD ALLOYS (LEADED COPPERS)

COPPER
ALLOY

NO. Cu Sn Pb Ag Zn Fe

TOTAL
OTHER

ELEMENTS

C98200
C98400
C98600
C98800

73.0-79.0
67.0-74.0
60.0-70.0 
56.5-62.5

.50

.25

.50

.25

21.0-27.0
25.0-32.0
30.0-40.0 
37.5-42.5

1.5
1.5
5.5

.10

.10

.02

.02

.35

.35

.35

.35

.45

.15

.30

.30

SPECIAL ALLOYS

COPPER
ALLOY

NO.

OTHER
DESIG­

NATIONS

COMPOSITION, PERCENT MAXIMUM (UNLESS SHOWN AS A RANGE OR MINIMUM)

Cu Sn Pb Ni Fe Al Co Si Mn

„.B ern . .05 .02 13.5-16.5 .40-1.0 10.7-11.5 1.0-2.0 .02
Rem. — .25 1.0-3.5 1.0-3.0 .50-2.0 — .50-2.0 .50
Rem. — .25 3.5-5.5 3.0-5.0 .50-2.0 ;50-2.0 .50
Rem. .10 .02 .20 .20 1.0-2.8 .20 .10 39.0-45.0

54.0 min. 1.0 2.0 4.0-6.0 1.0 .50-3.0 — — 11.0-15.0
55.0-61.0 .50-2.5 — 5.0 1.0 .25-3.0 — — 17.0-23.0

OTHER
NAMED

ELEMENTS

C99300

C99400
C99500
C99600

C99700
C99750

Incramet
800

Incram ute 1

.50-5.0Zn

.50-2.0Zn
,20Zn
-05C

19.0-25.0Zn
17.0-23.0Zn

NOTES 
includes Ag.

2NI + Co.

3For continuous castings, phosphorus shall be 1.5% maximum.

4ln determining copper minimum, copper may be calculated as Cu + Ni.

5Fe + Sb + As shall be .8 max.

6By agreement between supplier and consumer.

HTie iron shall be .35% max. when used for steel-backed bearings.

8For continuous castings, sulfur shall be .25% max.

9The mechanical properties of Copper Alloy No. C94700 (heat treated) may not be attained if the lead content exceeds .01%.

10For welding grades, Pb may not exceed .01%.

11The following additional impurity limits shall apply: Al, .10 max; B, .001 max; Bi, .001 max; Mg, .005-,15; P, .005 max; S, .0025 max; Sb, 
.02 max; Sn, 7.5-8,5; Ti, .01 max; Zn, 1.0 max.
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Chapter 2

CONFORMING SPECIFICATIONS 
FOR COPPER-BASE ALLOYS

The foundryman is often confronted with a confusing ar­
ray of specification requirements. The objective of this 
chapter is to provide guidance as to where definitions of 
such specifications can be found, and to explain the rela­
tionships between various sets of specifications. These 
relationships are based on the alloy numbers, which are 
listed in Table 2-1 in numerical order, together with the 
relevant specification numbers for different products. 
This list covers only data from the m ajor national 
standards-writing bodies (including the Brass and Bronze 
Ingot Institute) and does not include the many individual 
specifications issued by private companies and public 
utilities to meet theiLOwn special requirements. For fur­
ther information the reader is referred to Standards 
Handbook— Cast Copper and Copper A lloy Foundry 
Products, Part 6—“ Specifications Index’ ’ of the Copper 
Development Association, Inc.

Copies of specifications may be obtained from the

sources listed in Table 2-2. It must be emphasized that 
although different specifications may be listed under an 
alloy number, this does not mean that the requirements of 
the specification are identical; it is necessary to refer to 
the particular specification quoted on the foundry order 
before m anufacture is commenced. As an example, 33 
alloys are covered in ASTM B584 but only three alloys are 
permissible in the related ASME Boiler and Pressure 
Vessel Code specification SB 584.

It is a consolation to know that there has recently been a 
marked trend towards unification and uniformity in cop­
per standards, and agreement on compositions as defined 
by the alloy numbers, under the leadership of CD A  and 
ASTM. This trend is continuing and the federal ad­
ministration has adopted a policy to abandon its own 
standards wherever commercial standards can be ac­
cepted or modified to meet its requirements.

Table 2-1. Relationship Between the C D A /U N S  C opper A lloy  N um ber and O ther Specification System s

COPPER NO. C80100

INGOT
FEDERAL Q Q-C-521

POPPER NO. C80300

—  NONE —

HOPPER NO. C80500

HOPPER NO. C80700

—  n o n e  —

gOPPER NO. C80900

—  NONE —

gOPPER NO. C81100

—  NONE —

POPPER ALLOY NO. C81300

—  n o n e  —

POPPER ALLOY NO. C81400

—  NONE —

HOPPER ALLOY NO. C81500 SAND
FEDERAL Q Q -C -390

CENTRIFUGAL
M ILITARY M IL-C-19310

VALVES
FEDERAL W W -V -1967

SAND
M ILITARY M IL-C-19310

POPPER ALLOY NO. C82500

POPPER ALLOY NO.

—  NO NE —

C81700

CENTRIFUGAL
FEDERAI Q Q -C -390

INVESTMENT
AM S 4890 
MILITARY M IL-C-22087

POPPER ALLOY NO. C81800 PRECISION
MILITARY M IL-C -11866, CO M P O SITIO N  17

—  NO NE — SAND
FEDERAL Q Q -C -390

POPPER ALLOY NO. C82000 COPPER ALLOY NO. C82600

SAND
FEDERAL Q Q -C-390

SAND
FEDERAL Q Q -C -390

POPPER ALLOY NO. C82100 VALVES
FEDERAL W W -V -1967

—  NO NE —
COPPER ALLOY NO. C82700

POPPER ALLOY NO. C82200 SAND
FEDERAL Q Q -C -390

—  NO NE — HALVES
FEDERAL W W -V -1967

POPPER ALLOY NO. C82400 BpPPER ALLOY NO. C82800

CENTRIFUGAL
FEDERAL Q Q -C -390

IA N D
f e d e r a l Q Q -C -390
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Table 2-1, continued

IÄLVES
FEDERAL W W -V-1967

COPPER ALLOY NO. C83300

INGOT
IN G O f NO. 131

COPPER ALLOY NO. C83400

BANDS, PROJECTILE ROTATING
MILITARY M IL-B -46066

COPPER ALLOY NO. C83500

INGOT
ING O T NO . 251

COPPER ALLOY NO. C83600

CENTRIFUGAL
AM S
ÜME
ASTM
FEDERAL
MILITARY
SÂE

CONTINUOUS
AM S
ÄSTM
FEDERAL
SÄE

i ir r iN G S
ANSI

Asme
AStm
f e d e r a l

FLANGES
ANSI 
ASME 
ÄS TM

m o T
. ASTM  

FÉDÉRA1. 
INGOT NO.

INVESTMENT
AMS
M IL IT A R Y

SÄE

PRECISION
M ILITARY

s a n d
AMS
ASM E
A STM

FEDERAL
MILITARY
SÄE

UNIONS
FEDERAL

SALVES
Fé d é r a l

MILITARY

4855
SB271
B271
Q Q -C -390
M IL-C -15345, A LLO Y  1
J461
J462

4855
B505
Q Q -C -390
J461
J462

B16.15 
B16.18 
S i  6.23 
616 .26  
§16 .32  
SB62 
B62
W W -P-460
W W -T-725

B16.24
SB62
B62

B30
Q Q -C -525
115

4855
M IL-C -22087
J461
J462

M IL -C -11866, C O M P O SIT IO N  25

4855
SB62
B62
B584
Q Q -C -390
M IL-C -22229
J461
J462

W W -U -516

WW -V-51 
W W -V-54 
W W -V -1967 
M IL-V -16720 
M IL-V -18436

HOPPER ALLOY NO. C83800

lENTRIFUGAL
ASTM  B271
F é d é r a l  q q -c -too

SAE

CONTINUOUS
AStm
f é d é r a l
SÄE

FITTINGS
ANSI

AStm
F é d é r a l

in g o t
A STM  
ING O T NO.

SAND
A STM
F é d é r a l

Säe

UNIONS
FEDERAL

VALVES
F e d e r a l

J461
J462

B505
Q Q -C -390
J461
J462

B16.15 
616.18 
616.23  
B Ï6 .2 6  
§16 .32  
B584
W W -T-725

B30
120

B584
Q Q -C -390
J461
J462

W W -U-516

W W -V-1967

COPPER ALLOY NO. C84800

COPPER ALLOY NO. C84200

CONTINUOUS
A STM  B505
F é d é r a l  q q -c -390

FITTINGS
FEDERAL

INGOT
A STM
F e d e r a l

ÎNG O  ! NO.

W W -P-460

B30
Q Q -C -525
101

COPPER ALLOY NO. C84400

CENTRIFUGAL

AStm
Federal

CONTINUOUS
ASTM
FÉDÉRAL

FITTINGS
ANSI

ASTM
Fédéral

INGOT
ASTM
'Fédéral
INGOT NO.

SAND
ASTM
Federal

UNIONS
FEDERAL

VALVES
FEDERAL

B271
Q Q -C -390

B505
Q Q -C -390

B16.15
B16.18
B16.23
§46 .26
§16 .32
B584
W W -T-725

B30
Q Q -C -525
123

B584
Q Q -C -390

W W -V-54

COPPER ALLOY NO. C84500

CENTRIFUGAL
ASTM
Fédéral

CONTINUOUS
AStm
Fédéral

INGOT
A STM
SRGot  n o .

SAND
ASTM
Fédéral

B271
Q Q -C-390

B505
Q Q -C-390

B30
130

B584
Q Q -C -390

COPPER ALLOY NO. C85200

CENTRIFUGAL
AStm
SÄE

CONTINUOUS
SAE

INGOT 
ASTM  
¡‘Ng o t  NO.

SAND
ASTM
Federal

VALVES
FEDERAL

B271
J461
J462

J461
J462

B30
400

B584
Q Q -C -390

W W -V-1967

COPPER ALLOY NO. C85400

CENTRIFUGAL
ASTM
SÄE

B271
J461
J462

CONTINUOUS
SAE J461

J462

INGOT
A STM  
ING O T NO.

B30
403

PERMANENT MOLD 
SAE J461

J462

SAND
FEDERAL
B e

VALVES
FEDERAL

Q Q -C -390
J461
J462

COPPER ALLOY NO. C85500

CENTRIFUGAL
FEDERAL
M ILITARY

SAND
FEDERAL

VALVES
FEDERAL

Q Q -C -390
M IL-C -15345, A LLO Y  2

Q Q -C -390

W W -V-1967

COPPER ALLOY NO. C85700

INGOT
IN G O T NO.

CENTRIFUGAL
ASTM
federal
m il it a r y

INGOT
ASTM  
ING O T NO.

B271
Q Q -C -390
M IL-C -15345, A LLO Y  3

B30
406
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Table 2-1, continued

S İN D
A STM
FEDERAL

B584
Q Q -C -390

)PPER ALLOY NO. C85800

m  -
ASTM
MILITARY
SÄE

INGOT
ASTM
iife O T  NO.

B176
M IL-B -15894
J461
3462

B30
405.1

HOPPER ALLOY NO. C86100

CENTRIFUGAL
FEDERAL
liLlTARY

INGOT
ASTM
F e d e r a l  
in g o t  NO.

INVESTMENT
MILITARY

SAND
FEDERAL
MILITARY

VALVES
FEDERAL

Q Q -C -390
M IL-C -15345, A LLO Y  5

B30
Q Q -C -390
423

M IL-C-22087

Q Q -C -390
M IL-C -22229

W W -V -1967

COPPER ALLOY NO. C86200

CENTRIFUGAL
AM S
ÀSTM
FÉDÉRAL
SÄE

CONTINUOUS
ASTM
FEDERAL

SÄE

4862
B271
Q Q -C -390
J461
J462

B505
Q Q -C -390

DIE
SAE

INGOT
ASTM
Fé d é r a l

ING O T NO.

J461
J462

J461
J462

B30
Q Q -C -523
423

INVESTMENT
S A E  J461

J462

PERMANENT MOLD
S ÄE J461

J462

PRECISION
M ILITARY

RAND 
AM S 
ÄS IM 
F E D LR A L 
MILITARY 
ÉÂE

VALVES
FEDERAL

M IL -C -11866, C O M PO SITIO N 20

4862
B584
Q Q -C -390
M IL-C -22229
J461
J462

W W -V -1967

COPPER ALLOY NO. C86300

CENTRIFUGAL
IMS
ÀStm
FEDERAL
M il itar y

4862
B271
Q Q -C -390
M IL-C -15345, A LLO Y  6

'SÄE ,

CONTINUOUS
ASTM
FEDERAL

JİGOT 
ASTM 
FEDERAL 
i lS O T  NO.

INVESTMENT
AMS
BÎLitary
SÄE

PRECISION
M ILITARY

SAND
AMS
I S t m

FEDERAL
MILITARY
SÄL

VALVES
FEDERAL

J461
3462

B505
Q Q -C -390

B30
Q Q -C -523
424

4862
M IL-C -22087
3461
3462

M IL-C -11866, CO M P O SIT IO N  21

4862
B22
0584
Q Q -C -390
M IL-C -22229
J461
J462

W W -V -1967

COPPER ALLOY NO.

CENTRIFUGAL
ASTM

C86400

CONTINUOUS
A STM B505
FEDERAL Q Q -C -390

INGOT
ASTM B30
F é d é r a l Q Q -C-523
ING O T NO. 420

s a n d
ASTM B584
FEDFRAI. Q Q -C -390

VALVES
FEDERAL W W -V -1967

COPPER ALLOY NO.

CENTRIFUGAL
AMS 4860
ASTM B271
F e d e r a l Q Q -C -390
S IL it a r y M IL-C -15345,
SAE J461

J462

CONTINUOUS
A STM B505

IP
ASTM B176

INGOT
A STM B30
FEQ e r a l Q Q -C -523
ING O T NO. 421

INVESTMENT
AM S 4860
MILITARY M IL-C -22087
H e J461

J462

PERMANENT MOLD
SAE J461

3462

SAND
A P S 4860
1 İT M B584
FEDERAL Q Q -C -390
S IL lTA R Y M IL-C -22229
H e 3461

VALVES
FEDERAL W W -V-54

lÿ V -V -1 9 6 7

İPPPER ALLOY NO.

CENTRIFUGAL
ASTM B271

INGOT
ASTM  B30
INGOT NO . 422

SAND
A STM  B584

IpPP ER  ALLOY NO.

DIE
A STM  B176

SAND
FEDERAL

VALVES
FEDERAL

Q Q -C -390

W W -V -1967

COPPER ALLOY NO.

CENTRIFUGAL
ASTM
SÄE

INGOT
ASTM  
INGOT NO.

B271
J461
3462

B30
500

INVESTMENT
SAE J461

3462

PERMANENT MOLD
SAE J461

3462

PRECISION
MILITARY

SAND
A STM  ' 
FEDERAL 
MILITARY 
I Ä E

HALVES
FEDERAL

M IL-C -11866,

B584
Q Q -C -390
M IL-C-22229
J461
3462

W W -V -1967

HOPPER ALLOY NO.

CENTRIFUGAL
A STM
B e

DIE
H E

INGOT
Ü ™

INVESTMENT
M ILITARY
SAE

B271
J461
J462

J461
J462

M IL-C -22087
J461
3462

PERMANENT MOLD 
SAE J461

» 2
SAND

ASTM
FEDERAL
SAE

VALVES
FEDERAL

3462

B584
Q Q -C -390
J461
1462

WW -V-51 
B5W -V-1967

C86700

C86800

C87200

CO M P O SIT IO N  19

C87400
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Table 2-1, continued

—  NO NE —

epPPER ALLOY NO. C87420

—  N O N E  —

COPPER ALLOY NO. C87430

¡ f t  N O N E  —

HOPPER ALLOY NO. C87500

CENTRIFUGAL
ASTM  B271
SAE  J461

J462

DIE
SAE J461

p 6 2

INGOT
AS TM  B30
ING O T NO. 5 00 T  —  • —

INVESTMENT
M ILITARY M IL-C -22087
SAE  3461

3462

PERMANENT MOLD
SAE  J461

3462

P N D

A S TM  B584
FE DERAL Q Q -C -390

v a l v e s
FE DERAL WW -V-51

W W -V -54 
M ILITARY M IL-V -1187

M IL -V -1202

COPPER ALLOY NO. C87510

—  NO NE —

COPPER ALLOY NO. C87520

N O N E  —

COPPER ALLOY NO. C87530

—  NO NE —

COPPER ALLOY NO. C87600

COPPER ALLOY NO. C87410

INGOT
ASTM  
IN G O T NO.

SAND
ASTM

VALVES
FEDERAL

B30
500

B584

WW -V-51 
V p A V -5 4  

M ILITARY M IL-V -1202

HOPPER ALLOY NO. C87800

DIE
1 S TM
MILITARY
H e

B176
M IL-B -15894
J461
J462

INGOT 
ASTM  
ING O T NO.

COPPER ALLOY NO. C90700
B30
500

COPPER ALLOY NO. C87900

DIE
ASTM B176
MILITARY M IL-B-15894

SAE J461
J462

INGOT
ASTM B30

COPPER ALLOY NO. 090200

INGOT
ING O T NO. 242

COPPER ALLOY NO. C90300

CENTRIFUGAL
ASTM B271
F e d e r a l Q Q -C-390
m il it a r y M IL-C -15345, A LLO Y  8

S a e J461
J462

CONTINUOUS
ASTM B505
F e d e r a l Q Q -C-390
s a e J461

3462

INGOT
ASTM B30
F e d e r a l Q Q -C-525
ING O T NO.

INVESTMENT
MILITARY
SÄE

PRECISION
MILITARY
SAE

SAND
ASTM
FEDERAL
MILITARY
sAi:

VALVES
FEDERAL

MIL-C-22087
J461
J462

M IL-C -11866, C O M PO SITIO N 26 
J461
J462

B584
Q Q -C-390
M IL-C-22229
J461
J462

W W -V-1967

COPPER ALLOY NO. C90500

CENTRIFUGAL
AMS
A S (M
F e d e r a l

s a e

CONTINUOUS
AM S
ASTM
FEDERAL
SAE

INGOT
ASTM  
INGOT NO.

INVESTMENT
SAE

SAND
AM S
A STM

FEDERAL
SAL.

4845
B271
Q Q -C-390
J461
J462

4845
B505
Q Q -C -390
J461
3462

B30
210

J461
3462

4845
B22
B584
Q Q -C-390
J461
J462

CENTRIFUGAL
ASTM
SÄE

CONTINUOUS
ASTM
FEDERAL
SAE

B427
J461
J462

B505
Q Q -C -390
J461
3462

INGOT
ASTM  B30
IN G O T NO. 205

INVESTMENT
SAE  J461

J462

PERMANENT MOLD
SAE  0461

3462

SAND
ASTM
SAE

B427
J461
J462

COPPER ALLOY NO. C90800

CENTRIFUGAL
ASTM  B427

INGOT

ASTM  B30

SAND
ASTM  B427

COPPER ALLOY NO.

INGOT
ING O T NO. 199

C90900

COPPER ALLOY NO. C91000

CENTRIFUGAL
FEDERAL

CONTINUOUS
ASTM
F e d e r a l

INGOT
ASTM 
FEDERAL
In g o t  n o .

SAND
FEDERAL Q Q -C -390

COPPER ALLOY NO.

SAND
ASTM  B22

Q Q -C -390

B505
Q Q -C -390

B30
Q Q -C -525
197

C91100

COPPER ALLOY NO. C91300

CENTRIFUGAL
A M S 7322
F e d e r a l  q q  c  390

CONTINUOUS
AM S
ASTM
F e d e r a l

INGOT
ASTM  
FEDERAL 
ING O T NO.

SAND
AMS
ASTM
F e d e r a l

7322
B505
Q Q -C -390

B30
Q Q -C-525
194

7322
B22
Q Q -C -390
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Table 2-1, continued

C p PPER ALLOY NO. C91600

CENTRIFUGAL
ASTM
F ÍD E R A L
MILITARY

CONTINUOUS
FEDERAL

INGOT 
ASTM  
INGOT NO.

SAND
ASTM

B427
Q Q -C -390
M IL-C -15345, A LLO Y 23

B30 
205 N

B427

HOPPER ALLOY NO. C91700

CENTRIFUGAL
ASTM

INGOT
ASTM

B427

B30

SAND
ASTM  B427

HOPPER ALLOY NO. C92200

CENTRIFUGAL
ASTM

FEDERAL
MILITARY
SÄE

CONTINUOUS
ASTM
FEDERAL
MILITARY
SÄE

FITTINGS
FEDERAL

FLANGES
ANSI 
AS M i 
AS i M 
FEDERAL

INGOT
ASTM 
FEDERAL 
INGOT NO.

INVESTMENT
SAE

B271

Q Q -C -390
M IL-C -15345, A LLO Y  9
J461
J462

B505
Q Q -C -390  
M IL-B -16541 
J461 
3462

W W -P-460
W W -T-725

B16.24
SB61
B61
W W -P-460
W W -T-725

B30
Q Q -C -525
245

J461
J462

PERMANENT MOLD
SAE

SAND
ASM E

ASTM

FEDERAL
M ILITARY
SÄE

VALVES
FEDERAL

MILITARY

J461
J462

SB61
SB584
B61
B584
Q Q -C -390  
M IL-B -16541 
J461 
J462

WW -V-51 
W W -V-54 
W W -V -1967 
M IL A M  187 
M IL A M  7547

COPPER ALLOY NO. C92300

CENTRIFUGAL
ASTM  B271
FEDERAL Q Q -C -390
MILITARY M IL-C -15345, A LLO Y  10

SÄE

CONTINUOUS
ASTM
FEDERAL
S ä e

INGOT 
ÄSTM  
INGOT NO.

SAND
ASTM
FE DERAL
M ILITARY
SÄE

J461
3462

B505
Q Q -C -390
J461
3462

B30
230

B584
Q Q -C -390  
M IL-C -16540 ' 
J461 
3462

COPPER ALLOY NO. C92400

INGOT
IN G O T N O . 220

ipPP ER  ALLOY NO. C92500

CENTRIFUGAL
S ÄE  3461

3462

CONTINUOUS
ASTM
FEDERAL
SÄE

INGOT
ASTM
ÍNG Q 7 NO.

B505
Q Q -C -390
3461
3462

B30
200

PERMANENT MOLD
SAE  3461

3462

SAND
SAE

VALVES
FEDERAL

3461
3462

W W -V -1967

COPPER ALLOY NO. C92600

INGOT
ING O T NO. 215

COPPER ALLOY NO. C92700

CENTRIFUGAL
SAE 3461

3462

CONTINUOUS
ASTM
F e d e r a l

SÄE

INGOT
A STM  
IN G O T NO.

B505
Q Q -C -390
3461
3462

B30
206

SAND
SAE 3461

3462

COPPER ALLOY NO. C92800

CONTINUOUS
ASTM B505

INGOT
ASTM  B30
INGOT NO . 295

COPPER ALLOY NO. C92900

CENTRIFUGAL

CONTINUOUS
ASTM
SÄE

INGOT
ASTM  
INGOT NO.

3461
3462

B505
3461
3462

B30
206N

PERMANENT MOLD
SÄE 3461

3462

SAND
a s t m ’
SÄE

B427
3461
3462

COPPER ALLOY NO. C93200

CENTRIFUGAL
ÄSTM
FEDERAI
p l lT A R Y
SÄE

CONTINUOUS
ASTM
FEDERAL
SÄE

B271
Q Q -C -390
M IL-C-15345, A LLO Y  12
J461

3462

B505
Q Q -C -390
3461
3462

!IG0T
ASTM 
FEDERAL 
ING O T NO.

B30
Q Q -C-525
315

PERMANENT MOLD
SAE J461

3462

SAND
ASTM
FEDERAL
SAE

B584
Q Q -C -390
3461
3462

IPPPER ALLOY NO. C93400

ZENTRIFUGAL
FEDERAL
MILITARY

SpNTINUOUS
ASTM
FEDERAL

SNGOT
ASTM
lijG O T  NO.

INVESTMENT
MILITARY

SAND
FEDERAL
MILITARY

Q Q -C -390
M IL-C-15345, A LLO Y  11

B505
Q Q -C -390

B30
310

M IL-C-22087

Q Q -C -390
M IL-C-22229

COPPER ALLOY NO. C93500

CENTRIFUGAL
ASTM
FEDERAL
SAE

pNTINUOUS
ASTM
FÉDÉRAL
SAE

■ G O T
ASTM
¡ ¡ ¡G o t  n o .  

SAND

B271
Q Q -C -390
J461
3462

B505
Q Q -C -390
3461
3462

B30
326

13



Table 2-1, continued

■S TM
FEDERAL
¿■e

B584
Q Q -C -390
J461
9462

COPPER ALLOY NO. C93700

BEARINGS
AM S 4827

CENTRIFUGAL
AM S
U tm
F é d é r a l

SAE

CONTINUOUS
ASTM
F e d e r a l

Sae

INGOT
A STM  
ING O T NO.

4842
B271
Q Q -C -390
J461
J462

B505
Q Q -C -390  
3461 
J462

B30
305

PERMANENT MOLD
SAE J461

3462

SAND
AM S
ASme
ÄSTM

FEDERAL
SAE

4842
SB584
B22
B584
Q Q -C -390
J461
J462

COPPER ALLOY NO. C93800

CENTRIFUGAL
A STM  B271
FEDERAL Q Q -C -390
SAE J461

3462

CONTINUOUS
A STM  B505
FEDERAL Q Q -C -390
SAE 3461

3462

INGOT
A STM  B30
iN G O T NO. 319

PERMANENT MOLD
SAE 3461

3462

SAND
A STM  B66

B584
FEDERAL Q Q -C -390

COPPER ALLOY NO. C93900

CONTINUOUS
ASTM
FEDERAL

INGOT
A STM
Fe d e r a l

B505
Q Q -C -390

B30
Q Q -C -525

COPPER ALLOY NO. C94000

CENTRIFUGAL
FEDERAL Q Q -C -390

CONTINUOUS
ASTM  B505
FEDERAL Q Q -C -390

INGOT
ASTM  B30
FEDERAL Q Q -C -525
¡ i fe O T  NO. 296

SAND
FEDERAL Q Q -C -390

COPPER ALLOY NO. C94100

CENTRIFUGAL
FEDERAL

CONTINUOUS
ASTM
F lb E R A L

INGOT
ASTM  
INGOT NO.

SAND
ASTM
F lb E R A L

Q Q -C -390

B505
Q Q -C -390

B30
325

B67
Q Q -C -390

COPPER ALLOY NO. C94300

CENTRIFUGAL
AM S
ÄSTM
F e d e r a l

SAE

CONTINUOUS
ASTM
FEDERAL

INGOT
ASTM  
ING O T NO.

SAND
AMS
ASTM

4840
B271
Q Q -C -390
3461
3462

B505
Q Q -C -390

B30
322

4840
B66
0584
Q Q -C -390

C94400

FEDERAL

COPPER ALLOY NO.

INGOT
ASTM  B30
INGOT NO. 312

SAND
ASTM  B66

COPPER ALLOY NO. C94500

INGOT
A STM  B30
iKfiGOT NO. 321

SAND
ASTM  B66

COPPER ALLOY NO. C94700

CENTRIFUGAL
SAE 3461

3462

CONTINUOUS
ASTM
F e d e r a l

B e

INGOT
 A STM

B505
Q Q -C -390
3461
3462

B30

INVESTMENT
SAE 3461

3462

PERMANENT MOLD
SAE 3461

3462

SAND
ASTM
FEDERAL
SAE

B584
Q Q -C -390
3461
3462

VALVES
FE D ERAL W W -V-1967

COPPER ALLOY NO.

CONTINUOUS
A STM  B505
F e d e r a l  o q  c  390

INGOT
A STM B30

PERMANENT MOLD
SAE 3461

3462

SAND
ASTM
FEDERAL
SÄE

VALVES
FEDERAL

B584
Q Q -C -390
3461

3462

COPPER ALLOY NO.

INGOT
ASTM

SAND
ASTM

B30

B584

COPPER ALLOY NO.

CENTRIFUGAL
ASM E
ÁSTM
FÉDÉRAL
SAE

CONTINUOUS
ASTM
FEDERAL
SAE

FLANGES
ANSI
ASM E
ASTM

INGOT
ASTM  
FEDERAL 
INGOT NO.

SB271
B271
Q Q -C -390
3461
3462

B505
Q Q -C -390
3461
3462

B16.31
SB148
B148

B30
Q Q -B-675
415

INVESTMENT
M ILITARY M IL-C-22087

PERMANENT MOLD
SAE 3461

3462

SAND
ASM E
ASTM
FEDERAL
M il it a r y

SAE

«ALVES
f e d e r a l

SB148
B148
Q Q -C -390
M IL-C-22229
3461
3462

W W -V-1967

IpP P E R  ALLOY NO.

CENTRIFUGAL
ASTM
FEDERAL
SÄE

CONTINUOUS
ASTM
FEDERAL
Ü E

B271
Q Q -C -390
3461
3462

B505
Q Q -C -390
3461
3462

C94800

C94900

C95200

C95300

14



Table 2-1, continued

INGOT 
ASTM  
FEDERAL 
IBGoT NO.

B30
Q Q -B-675
-415

PERMANENT MOLD
SAE J461

Ü462

PRECISION
MILITARY
SAE

SAND
ASM E
ÄSTM
FEDERAL
SAE

VALVES
FEDERAL

M IL-C -11866, C O M PO SITIO N 22
J461
J462

SB148
B148
Q Q -C -390
J461

J462

W W -V-1967

IPPPER ALLOY NO. C95400

CENTRIFUGAL
AM S 4870

4871
ASTM  B271
I fD E R A L  Q Q  C-390
M ILITARY M IL-C -15345, A LLO Y  13
SÄL J461

J462

CONTINUOUS
ASTM  B505
FEDERAL Q Q -C -390
SÄE J461

J462

INGOT
ASTM  B30
FEDERAL Q Q -B-675
INGO I NO. 415

PERMANENT MOLD
SAE J461

J462

PRECISION
MILITARY M IL-C -11866, CO M PO SITIO N 23

SAND
AM S  4872

4873
AS ME SB148
ÄSTM  B148
F e d e r a l  q q  c -odo

SÄE J461
J462

VALVES
FEDERAL W W -V-1967

IpPPER  ALLOY NO. C95410
r=F NO NE —

IpPPER  ALLOY NO. C95500

CENTRIFUGAL
ÄSTM  B271
FEDERAL Q Q -C -390
M ILITARY M IL-C -15345, A LLO Y  14
SÄE J461

J462

CONTINUOUS
ASTM  B505
FEDERAL Q Q -C -390
SÄE J461

J462

INGOT
ÄSTM  B30
FEDERAL Q Q -B -675  .
iS 'S O T NO. 415

INVESTMENT
M i l it a r y  m il - c -22087

PERMANENT MOLD
SAE J461

J462

SAND
ASTM
FEDERAL
M il itar y

SAE

VALVES
FEDERAL

B148
Q Q -C -390
M IL-B -21230
M IL-C -22229
J461
J462

COPPER ALLOY NO. C95600

INGOT
ASTM
FÈDLRAI

SAND
ASTM

VALVES
FEDERAL

M ILITARY

B30
Q Q -B -675

WW -V-51 
W W -V-54 
M IL-V -1187 
M IL-V -1202

POPPER ALLOY NO. C95700

CENTRIFUGAL
FEDERAL Q Q -C -390

INGOT
A STM
FEDERAL

SAND
ASTM
FEDERAL
M il it a r y

B30
Q Q -B-675

B148
Q Q -C -390
M IL-B -21230

COPPER ALLOY NO. C95800

CENTRIFUGAL
ASTM
F ë d e r a l

M il it a r y

SÄE

CONTINUOUS
ASTM
SÄE

INGOT
ASTM
FEDERAL
In g o t  n o .

B271
Q Q -C -390
M IL-C -15345, A LLO Y  28
J461
J462

B505
J461
J462

B30
Q Q -B -675  
415D

PERMANENT MOLD
SAE J461

J462

SAND
ASTM
FEDERAL
M ILITARY

SAE

B148
Q Q -C -390
M IL-B -24480
M IL-C -22229
J461
J462

VALVES
FEDERAL W W -V-1967

COPPER ALLOY NO. C96200

CENTRIFUGAL
ASTM
FEDERAL
'MILITARY

SAE

B369
Q Q -C -390
M IL-C -15345, A LLO Y  25 
M IL-C -20159, TYPE II 
J461 
J462

SAN D
A STM
FEDERAL
I iLitar y
1Ä E

VALVES
M il itar y

B369
Q Q -C -390  
M IL-C -20159, TYPE 
J461 
J462

M IL-V -18436

IpPP ER  ALLOY NO. C96300

CENTRIFUGAL
I fp T M  B492

SAND
A STM  B492

COPPER ALLOY NO. C96400

CENTRIFUGAL
A STM  B369
Fe d e r a l  q q -c -390
MILITARY M IL-C -15345, A LLO Y  24

ff|L -C -2 0 1 5 9 , TYPE I

CONTINUOUS
ASTM  B505
FEDERAL Q Q -C -390

INGOT
ASTM  B30

SAND
A STM  B369
FEDERAL Q Q -C -390
M ILITARY M IL-C -20159, TYPE I

SALVES
FEDERAL WW -V-51

W W -V -1967
M i l i t a r y  M iL -v -1202

£ OPPER ALLOY NO. C96600

SAND
M ILITARY M IL-C -81519 (AS)

CDPPER ALLOY NO. C97300

CENTRIFUGAL
ASTM

CONTINUOUS
ASTM
SAE

B505
J461
J462

INGOT
ASTM  B30
ING O T NO. 410

SAND
A STM  B584

VALVES
FEDERAL WW -V-51

COPPER ALLOY NO. C97400

INGOT
ING O T NO. 411

IpPPE R  ALLOY NO. C97600

CENTRIFUGAL
ASTM  B271

INGOT
ASTM

C O N T IN U O U S

ASTM
SAE

■¡g o t
ÍS T M  
INGOT n o .

SAND
ASM E

B505
J461
J462

B30
412
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Table 2-1, continued

IS tm B584 i f  NO NE —

ilL lT A R Y M IL-C -17112

VALVES IpPP ER  ALLOY
FEDERAL WW -V-51

M ILITARY
W W -V-54 
M IL-V -18436 BEARINGS

A M S 4820

COPPER ALLOY NO. C97800 HOPPER ALLOY
CENTRIFUGAL

ASTM B271 pit N O NE —

CONTINUOUS HOPPER ALLOY‘ ASTM B505

INGOT
—  NO NE —

..... ASTM B30
ING O T NO. 413B

SAND COPPER ALLOY
..... ASTM B584

p :  NO NE —
VALVES

FEDERAL WW -V-51
W W -V-54 HOPPER ALLOY

M ILITARY M IL-V -18436

—  NONE —

HOPPER ALLOY NO.

«  NONE —

HOPPER ALLOY NO.

—  NONE —

HOPPER ALLOY NO. 

DIE
ASTM  B176

COPPER ALLOY NO.

HOPPER ALLOY NO. C98200 «NONE —

Table 2-2. Directory o f Specification Sources

CDA
Copper Development Association, Inc.
405 Lexington Avenue New York,
New York, New York 10017 
(212) 953-7300
ANST
American National Standards Institute, Inc. 
1430 Broadway 
New York, N.Y. 10018 
(212) 868-1220
ASTM
American Society for Testing and Materials 
1916 Race Street 
Philadelphia, Pennsylvania 19103 
(215) 299-5400
ASME
American Society of Mechanical Engineers
United Engineering Center
345 East 47th Street
New York, N.Y. 10017
(212) 644-7820

SAE
Society of Automotive Engineers, Inc. 
400 Commonwealth Drive 
Warrendale, Pennsylvania 15096 
(412) 776-4841
AMS
Aerospace Materials Specifications 
Society of Automotive Engineers, Inc. 
400 Commonwealth Drive 
Warrendale, Pennsylvania 15096 
(412) 776-4841
Federal & Military 
U.S. Naval Supply Depot 
5801 Tabor Avenue 
Philadelphia, Pennsylvania 19120 
(215) 697-3321
Ingot No.
Brass and Bronze Ingot Institute 
33 N. LaSalle Street, Room 3500 
Chicago, Illinois 60602 
(312) 236-2715

C99500

C99600

C99700

C99750
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Chapter 3

CASTING PROCESSES AND MATERIALS

INTRODUCTION

Foundrymen have at their disposal many different 
methods for the casting of metal shapes, and certain of 
these methods are uniquely suited for the production of 
specific kinds of castings. Although a foundry may 
utilize more than one casting process, this choice is 
usually dictated by the class of product to be made and 
by the relative economies of the various processes. Fac­
tors such as casting size, shape, complexity, quantity, 
surface finish and dimensional accuracy, together with 
alloy requirements, must all be taken into account in the 
selection o f the most economical casting process. The 
higher operating costs for certain processes may, in 
some cases, be outweighed by their greater precision. 
With greater precision, certain finishing or machining 
operations may possibly be eliminated, thus actually 
reducing the net cost of the casting.

Parts produced in expendable sand molds comprise 
more than 85% of the annual tonnage of copper-base 
alloy castings. A m ajor portion o f this chapter will be 
devoted to this subject. Vast amounts o f information 
have been published on foundry sands, binders, ad­
ditives, and related molding and coremaking processes. 
The material which follows on these subjects is intended 
primarily to cover the general principles and basic infor­
mation relating to selection, operation, and control of 
sand casting processes.

A smaller, but significant tonnage of copper-base 
alloy castings is produced in re-usable metal molds or 
dies, utilizing either gravity or mechanical forces for in­
troducing the molten metal into the mold cavity. Such 
processes include pressure die casting, permanent mold 
casting, centrifugal casting, and continuous casting. 
Relatively little has been published in the foundry 
literature regarding the application of these processes to 
the production of copper-base alloy castings. These 
processes are described here in such a manner as to give 
the reader an overview of their respective applications, 
capabilities, restrictions, advantages, and disadvan­
tages.

A limited portion of the industry is involved in pro­
ducing precision castings made using expendable molds 
of plaster (gypsum) or ceramic material. Both ag­
gregates, in the form of self-hardening slurries, may be 
used either with expendable patterns for investment 
casting (lost-wax process), or with conventional, 
reusable patterns for the production of parted molds. 
The salient features of these processes will also be 
discussed.

SAND CASTING PROCESSES
The various categories of sand casting processes are 
often identified according to the type of binder present 
in the molding sand mixture. On this basis, the principal 
types of molds used for the production of copper-base 
alloy sand castings are:

Green sand 
Skin-dried sand 
Dry sand
Cement-bonded sand 
Waterless (oil/clay-bonded) sand 
Baked (or heat-cured) core sand 
Shell (phenolic resin-bonded) sand 
Chemically-bonded sand

Green Sand Molding
The green sand process utilizes a molding aggregate 
whose sand grains are bonded together with some form 
of clay which has been plasticized by the addition of 
controlled amounts of water. It is the presence of this 
“ temper” water in the sand/clay mixture which causes 
the molding aggregate to be called green sand, as 
distinct from dry sand  (wherein most of the moisture 
has been removed by heating the mold).

Green sand molding is the most diversified and 
widespread process used for casting production today, 
particularly for small- to medium-size castings. Molding 
consists of compacting the tempered sand about the pat­
tern (usually inside a flask of some type) by one or more 
mechanical means such as jolting, squeezing, ramming, 
vibrating, slinging, or blowing. The plasticity of the 
bonding clay is sufficient to produce a mold which is 
rigid enough to hold its shape during pattern removal, 
core placement, pouring, and solidification. A simplified 
version of the process is illustrated in Fig. 3-1. A typical 
casting produced by this process, together with the mold 
from which it is made, is shown in Fig. 3-2.

Contributing to the economy and versatility of the 
process is the relative ease with which the molding ag­
gregate can be prepared for use (by mulling or mixing), 
transported, and stored. Additionally, the sand mixture 
can be re-used many times before it must be discarded. 
In recycling the material, however, it is necessary to 
compensate for chemical, physical, and thermal changes 
caused by exposure to the molten metal and to control 
the effects of contamination by foreign matter.

The quality of castings made in green sand molds is 
highly dependent on the properties of the molding ag­
gregate as well as those of the mold. These are para-
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Cross section of the first step 
in making a green sand 
mold. Bottom half of the 
pattern is on the mold 
board and surrounded by 
the bottom or drag half 
of the flask.

Section through the 
completed mold with pattern 

still in place and the sprue 
hole formed for entrance 

of molten metal.

Molding sand is rammed 
around the pattern in 

multiple steps to provide 
uniform density.

After the bottom half of the 
mold is filled, it is rolled 

upright and the top half of 
the pattern and flask are 

put in place to 
complete the mold.

Cope and drag halves of mold 
are separated in order that 
the pattern may be removed. 
The gate channel is then 
cut from the sprue to 
the mold cavity. The core o f b o n d e d  s a n d  is  

made s e p a ra te ly  t o  f o r m  
the  in te rn a l p a s s a g e s  
o f th e  c a s tin g .

A fte r p la c in g  c o r e  in  t h e  
m o ld , i t  is  c lo s e d  a n d  
clam ped to  r e s is t  t h e  p r e s s u r e  
exerted by t h e  m o l t e n  m e ta l  
w hen i t  is  p o u r e d  in  t h e  m o ld .

Fig. 3-1. Making a green sand mold. For illustration purposes, the valve body casting is shown without the ty p ic a l g a t in g  a n d  rise r in g  which 
would be necessary to produce this casting as an acceptable product in a copper-base alloy.
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Fig. 3-2. A  typical green-sand m olded cope and drag 
showing the castings produced fro m  this mold.

meters which can easily change from hour to hour or 
from day to day unless close control is maintained.

Foundry Sands
Sand can be defined^a&granular particles resulting from 
the disintegration or crushing of rocks. Sands are par­
ticles of mineral matter ranging in grain size from 0.05 
to 2 mm (1/500 to 1/12 in.) in diameter. The most com­
m on sand mineral is silica, or quartz—which is com­
prised largely o f silicon dioxide (S i02). Natural con­
taminants such as particles of feldspar, mica or metal 
oxides may also be present.

The term sand may also denote a class of material 
which includes several other minerals. Thus, zircon, 
chromite, olivine, and other refractory materials may be 
regarded as sands if their grain size falls within the range 
described above.

In regular foundry production, silica sand is the most 
widely used base material for both molding and core­
making and finds application in a wide range o f grain 
sizes, shapes, and distributions, and in different degrees 
of purity and refractoriness. There are two broad classi­
fications applied to foundry silica sands used for 
molding; they are naturally-bonded or unbonded.

Naturally-Bonded Sands
Naturally-bonded sands are water-deposited sands 
found in nature, combined with various clay minerals. 
They may exhibit a wide range of grain sizes or clay con­
tents, depending upon their origin and location. The 
processing of naturally-bonded sands consists primarily 
of screening to remove oversize particles, roots, and 
other deleterious material. In some cases it is necessary 
to dry the sand partially (to approximately 6% mois­
ture) before passing it through mullers, cage mills, or 
dry pans in order to properly distribute the natural 
bonding clay. Sands from different deposits, or even 
from different strata within the same deposit, may have 
significantly different characteristics. These sands are 
often blended together, with or without clay additions, 
to  produce sands of particular properties.

Naturally-bonded sand is as old as the foundry in­
dustry, and its use dates back to prehistory. Early foun­
dry development in North America progressed more 
rapidly in certain geographical locations than in others, 
depending in large measure upon the local availability 
of good molding sands. The naturally-bonded sands, 
being a product o f nature, were found to vary greatly in 
their characteristics; those from certain locations were 
found to have superior properties. Until a few decades 
ago, depletion of local sand supplies meant the shut­
down or relocation o f the foundry since long-distance 
shipment of sand was either impossible or expensive. 
W ith the development of improved and expanded rail­
way and m otor freight transportation, and with foun­
dries concentrated in heavily industrialized areas in a 
number o f eastern and midwestern states, it became 
both practical and necessary to purchase sand from 
commercial sources often located many miles away. 
During the past sixty years or so, a number of areas hav­
ing extensive deposits of superior, naturally-bonded 
sands have become well-known to both ferrous and 
nonferrous foundrymen. These sands carry such 
designations as Albany, New Jersey, McConnellsville, 
Windsor Lock, Provincetown, Mississippi, Tennessee, 
and so on. Brass and bronze foundries in North 
America have traditionally used naturally-bonded 
sands, especially those of finer grain size, for green sand 
molding. Although many still follow this practice, the 
use of naturally-bonded sand is decreasing due to the 
depletion o f deposits and changes and inconsistencies in 
sand characteristics.

One im portant problem for users of naturally-bonded 
sands is the occurrence of clay balling. This is a com­
mon problem with high-clay sands when they are either 
shipped or processed in a wet condition. The problem is 
more severe with finer sands than with coarser grades. If 
the condition is acute, there is very little that can be 
done to salvage the sand. The cost of removal o f the 
clay balls by riddling is excessive, in addition to the cost 
of replenishment by new bonding clay. To avoid this 
problem, the following measures should be observed:

• Check incoming sand to see that clay balls are ab­
sent.

• Purchase sand having a water content below 8%.

• Specify a sand having a grain fineness no higher 
than necessary.

• Specify a clay content which is no higher than re­
quired.

• Minimize handling, shoveling, mulling and riddling 
of the sand.

• Prevent excessive accumulation o f fines in the 
system sand.

• Reduce the ash content in the system sand, formed 
by combustion of organic additives.
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• Avoid making sudden large additions of new sand 
to the sand system.

• In critical circumstances, use a riddled facing sand 
(free of clay balls) against the pattern.

In summary, it should be noted that the three primary 
factors causing clay balls to form  in naturally-bonded 
molding sands are: 1) excessive water content, 2) ex­
cessive clay content, and 3) too much movement of the 
sand, resulting in a “ pelletizing” action.

Another serious problem with naturally-bonded 
sands is their susceptibility to the formation o f 
expansion-type defects such as buckles, scabs, and rat 
tails. Organic material (usually as some form of 
cellulose) is often added to these sands to help control 
such defects. Problems may develop with excessive 
burn-out of these additives, or when a high level of fines 
develops in the system sand. If there are excessive 
amounts of fines in the sand, higher levels of water must 
be added in order to reach the temper point (adequate 
sand-bonding strength). These higher moisture levels 
cause problems by aggravating the formation of wet 
condensation zones just below the mold surface. The 
occurrence of expansion defects when using naturally- 
bonded molding sands can be minimized by observing 
the following:

• Specify sands having the minimum quantity of 
fines consistent with the attainment of adequate 
casting surface finish.

• Select highly-refractory sands that resist thermal 
fracture (and consequent production of fines) dur­
ing use.

Remove excessive fines at shakeout by a suitable 
exhaust system.

• Utilize organic additives in amounts adequate to 
control expansion-related defects without causing 
excessive gas formation.

• Minimize the level of temper water in the system 
sand.

• Minimize the rammed density of the mold consis­
tent with required casting finish and dimensional 
accuracy.

In addition to the trend toward depletion of satisfac­
tory deposits of naturally-bonded molding sands, recent 
years have seen the gradual disappearance of skilled 
molders, an increase in the use of mechanized molding 
machines, and greater demands for increased casting 
quality and surface finish. These trends have empha­
sized the need for more uniform, high-quality sands 
having properties consistent with the requirements of 
modern molding equipment. To satisfy this need, un­
bonded (washed-and-dried) sand has been used as a base 
aggregate, with controlled amounts of clay, water and 
other additives added to produce a molding sand having 
the desired characteristics. Sands compounded in this 
manner have been designated as synthetic sands. Many

find the term “ synthetic” objectionable on the basis 
that the ingredients of the mixtures are virtually all 
natural mineral substances and not man-made (synthe­
tic) materials. Thus, this second category o f sands, 
employed for both molding and coremaking, will be re­
ferred to as being unbonded, recognizing that the term 
refers to the form in which they are purchased as op­
posed to the form in which they are used.

Unbonded Sands
Unbonded sands used in foundries are predominately 
silica sands. Their popularity is a result o f their abun­
dance, relatively low cost, good refractory properties, 
and ease of bonding and reclamation. Silica sands are 
formed by the weathering of siliceous rock and the 
geological processes of transport, deposition, and 
sedimentation by wind and water. The composition, 
fineness, and grain shape of these deposits depends on 
the nature of the rock from which they originated and 
the manner of their deposition.

Silica sand deposits are variously referred to as bank 
sands, lake sands, dune sands, and so on—depending 
upon whether they were deposited by wind, water, or 
combinations of both. In most cases the natural 
deposits are not clean or pure enough to be used as- 
mined. Consequently, they are almost invariably 
screened, washed, de-slimed and dried for purposes of 
removing clay and other contaminants. Frequently the 
screening process may include classifying the sand to 
control grain size distribution.

In respect to grain shape, base sands are frequently 
designated as being angular, sub-angular, or rounded. A 
fourth type, compound-grain sand also exists; however, 
this form has low thermal shock resistance and is gener­
ally considered to be inferior or unsuitable for most 
foundry applications. Most o f the naturally-occurring 
sands have sub-angular grain shapes. The so-called 
“ rounded” sand grains are more nearly spherical, hav­
ing no doubt undergone a higher degree o f erosion by 
abrasive friction during their formation and deposition. 
These sands are relatively scarce but are preferred by 
many foundrymen because of their better flowability 
and lower binder requirement. The angular sands are 
not from  natural deposits but are formed by the crush­
ing and screening of rock.

In spite of their widespread use by foundries, silica 
sands have the distinct disadvantage of possessing a 
high coefficient of thermal expansion. In addition, the 
most common mineral comprising these sands, quartz, 
undergoes a sudden change in crystal form (from alpha 
to beta quartz) at a temperature of about 1112F (600C), 
resulting in additional expansion. This behavior may be 
seen from the appropriate curve in Fig. 3-3, which il­
lustrates a total thermal expansion of quartz of some 
1.3% within the range of normal casting temperatures. 
This characteristic o f quartz causes expansion of mold 
surfaces when exposed to thermal shock and, unless
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THERM AL EX P A N S IO N  OF SILICA MATERIALS

Fig. 3-3. Thermal expansion o f  silica materials.

Therm al Expansion C oeffic ien ts  o f M ineral Sands

TEMPERATURE

Fig. 3-4. Thermal expansion o f  non-silica aggregates as 
com pared with silica sand.

precautionary measures are taken, can result in casting 
surface defects such as ra t tails, buckles, and scabs. 
Other disadvantages of silica sands are their relatively 
low chilling power and their toxicity, as airborne dusts, 
in causing respiratory problems.

In recent years, foundrymen have increasingly made 
use o f various specialty sands composed of minerals 
other than silica. These are limited in supply and are 
much more expensive than is silica. The use of these 
sands is restricted by economics as well as by availabil­
ity. The two specialty sands which have been used most 
frequently in non-ferrous foundries are olivine and zir­
con sand.

Olivine
Olivine is a non-siliceous (contains no free silica) 
mineral which is more refractory than quartz and yet ex­
hibits only about one-third the thermal expansion of 
quartz (Fig. 3-4). These properties have made olivine at­
tractive as a molding aggregate in a growing number of 
foundries. Olivine also exhibits somewhat higher ther­
mal conductivity than does silica.

Olivine is a magnesium-iron orthosilicate, (Mg, 
Fe)2S i0 4, consisting of a solution of the two minerals 
forsterite (Mg2S i0 4) and fayalite (Fe2S i0 4) in approx­
imately equal proportions. It is the primary constituent 
of a rock called dunite, found principally in the states of 
Washington and North Carolina. Dunite must be crush ­
ed and washed to permit gravity separation of mineral 
impurities (mainly serpentine and talc), after which it is 
dried and then screened into different fineness grades of 
sand. As a crushed material, the grains of olivine sand 
are angular and somewhat cracked. The forces of mull­
ing and mixing thus result in the rapid production of 
fines from new sand until the grains have become more 
rounded. At such point, the rate of breakdown becomes 
stabilized. This characteristic must be taken into ac­
count when selecting the fineness grade of purchased 
sand.

Unlike silica, olivine is chemically basic. Although it 
can be readily bonded with clays and most of the in­
organic and organic chemical binders, it cannot be used 
with acid-catalyzed binder systems. Likewise, the 
refractory characteristics of olivine are damaged if the 
system sand is allowed to become excessively con­
taminated by an accumulation of silica (as from cores, 
for example). This can lead to a lowering of the sinter­
ing point of the system sand, with attendant problems 
of defective casting surface finish. Processing and 
handling costs of olivine sand in the foundry, in terms of 
energy requirements, are about 25% higher than those 
for silica, reflecting the difference in density o f the two 
materials.

Zircon
Sands containing zircon (zirconium silicate) are widely 
distributed in nature; however, commercially-workable 
deposits are largely restricted to Australia and northern 
Florida. The concentration of zircon in Australian 
deposits is about 15%, whereas in Florida it is only 
about 1.5%. The zircon produced from these deposits is 
actually a by-product of separation procedures intended 
to extract titanium-bearing minerals. The zircon ob­
tained by the usual but costly method of electrostatic 
separation is very close to 99.5% purity. From time to 
time, zircon sands produced by o il-flo ta tion  separation 
methods have appeared on the market. Material p ro­
duced by this method is of rather high purity but the oil 
coating on the grains makes it difficult to coat with 
binders.

With a thermal expansion coefficient less than one- 
eighth that of silica (Fig. 3-4), zircon is the most heat-
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Table 3-1. Bonding Agents and Clay Types

COMPARISON OF VARIOUS BONDING AGENTS
L e a d in g  types W e s te rn  S o u the rn

o f c la y  b o n d s ........................B e n to n ite  B e n to n ite  F ire c la y

M in e ra l c la s s if ic a t io n   M o n tm o r il lo n ite  M o n tm o r il lo n ite  K a o lin ite

M in e d  in .................................... j  W y o m in g  a n d  I M is s is s ip p i-  J O h io -
South D a ko ta  '  A la b a m a  ! P e n n s y lv a n ia

|  ll l in o is -A la b a m a

M e th o d  o f  m in in g ................... S trip  S trip  S trip , d r if t ,  s h a ft

A v e ra g e  g ra in  s iz e .....................7 0 %  f in e r  th a n  8 7 %  f in e r  th a n  7 0 %  f in e r  th a n
0 .2  m icrons  0 .5  m icrons 2 0  m icrons

NO TE: A  m ic ro n  is a b o u t 1 7 2 5 ,0 0 0  o f  an  inch .

RELATIVE VALUE OF VARIOUS TYPE OF CLAYS

K a o lin ite
M O N TM O R ILLO N ITE
C a lc iu m  S o d iu m

G reen com pression streng th 3 1 2
D ry  com pression s tren g th 2 3 1
P e rm e a b ility 3 2 1
Least tem p ering  w a te r  requ ired 3 1 2
G re a te s t d u ra b ili ty 2 3 1
H ighest f lo w a b il ity 2 1 3
Best c o l la p s ib il ity 2 1 3
Sand toughness 2 3 1
H ighest ho t com pression s trength  a t 1650°F 2 3 1
H ig h e s t ho t com pression s trength  a t 1850° F 2 3 1
H ig h e s t ho t com pression strength  a t 2 0 0 0 °F 2 3 1
Least co n tra c tio n  a t 2500°F 1 2 3
Few est lum ps in shake ou t sand 2 1 3
Lea st in te n s ive  m ix in g  e f fo r t  re q u ire d 3 1 2

stable of all available foundry sands. However, it is the 
combination of high thermal conductivity and density 
(both of which are nearly twice that of silica) which 
makes zircon most attractive.

The latter two properties give zircon a heat absorp­
tion rate of nearly four times that of quartz, making it 
useful as a means for controlling directional solidifica­
tion when used locally in molds for selective chilling. 
Whether used as a mold or core aggregate or as an ingre­
dient of a wash coating, zircon is virtually un wetted by 
most molten metals—thus resulting in excellent casting 
surface finish. Zircon has the added advantage of chem­
ical stability and is compatible with all known foundry 
binders, whether inorganic or organic.

Clays
Clays are mineral substances having extremely fine 
grain sizes, on the order of a few microns or less. They 
are composed chiefly o f oxides o f aluminum and silicon 
in various ratios, in the form of platelets of aluminum 
silicates. Other elements are also present and play an im­
portant role in clay properties and structures. Clays 
have the unique property o f absorbing moisture into 
their structures in such a manner as to form inter­
mediate water layers between their platelets, resulting in 
adhesive, plastic masses which can be used to bond sand 
grains together. There are numerous types o f clay found 
in nature and these vary significantly in properties, com­
position, and structure. From a foundry standpoint, 
only two groups of clays are of interest: kaolinites and 
m ontmorillonites.

Kaolinite Clays

As a mineral group, kaolinite clays, when uncon­
taminated, are characterized by being highly refractory. 
These clays exhibit lower green bonding strengths, in 
general, than do the montmorillonite clays. The most 
important member of the kaolinite group, for foundry 
purposes, is fireclay.

Fireclays, the common bonding material found in 
naturally-bonded sands, also occur as free deposits. In a 
sand/clay mixture brought to proper temper by water ad­
dition and thorough mulling, approximately 12% by 
weight of fireclay is required to attain the same green 
compression strength as would occur if 4.5% of a m ont­
morillonite clay were used. Likewise, sands bonded with 
fireclay require higher levels of temper water for proper 
molding (that is, approximately 5% by weight as com­
pared with 3% for sands with a montmorillonite clay). In 
many other respects, however, fireclay properties com­
pare favorably with the montmorillonites (Table 3-1).

M ontm orillonite Clays

M ontmorillonite is the primary mineral occurring in 
bentonite clays, constituting 80% or more of the better 
commercial grades. The two im portant members o f this 
group, both o f which are used extensively for bonding 
of sands used for green sand molding are Southern ben­
tonite and Western bentonite. These bentonites have 
significantly different properties, which should be un­
derstood when selecting them for use.
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Southern bentonite contains calcium in its crystalline 
structure, in the form of bivalent ions (Ca++). For this 
reason, Southern bentonite is commonly called calcium 
bentonite. Southern bentonite does not swell appreci­
ably when moistened, and absorbs only slightly more 
water than does fireclay; it absorbs and loses such water 
with relative ease. By comparison, Western bentonite 
contains monovalent sodium ions (N a+) and is thus 
commonly referred to as sodium bentonite. Western 
bentonite absorbs water slowly, but does so with a high 
degree of volumetric expansion (swelling) accompanied 
by the formation of a thixotropic gel.

Both types of bentonite have high sintering 
temperatures and are about equally effective in develop­
ing high green compression strength and permeability 
when used to bond green sand mixtures. As seen in 
Table 3-1, however, other characteristics of the two ben­
tonites are significantly different.

Sands bonded with Southern bentonite require less 
energy to mull, since this clay absorbs water more read­
ily. Such sands are als_o more flowable (less stiff), and 
are thus easier to squeeze and ram into molds. Since 
these sands possess lower dry and hot strength, they are 
more collapsible at elevated temperatures. Hence, there 
is a lesser tendency toward formation of hot tears in 
castings of wide-freezing-range alloys, and fewer lumps 
of hot sand are formed at shakeout. Unfortunately, 
these same characteristics contribute to the possibility of 
mold erosion during pouring, especially with heavier 
castings—the results of which are usually sand inclu­
sions in the castings. Sands bonded with Southern ben­
tonite clay tend to dry out rapidly when left exposed to 
air. This includes the edges of sand in open molds which 
are allowed to stand too long before closure. Another 
disadvantage of Southern bentonite clay is its suscep­
tibility to the formation of sand expansion defects. 
Many authorities ascribe this behavior to the poor wet- 
tensile strength.

By contrast, Western bentonite has excellent dry and 
hot strength. As a green-sand bonding clay, it offers the 
maximum resistance to the formation of sand expansion 
defects. We may cite as disadvantages all those factors 
listed above in favor of Southern bentonite.

No single clay has optimum characteristics in all 
respects as a bonding material for green sand mixtures. 
Sand property requirements differ from one foundry to 
another, depending upon many factors. It is possible to 
optimize sand properties for given conditions by utiliz­
ing the different clays either singly or in combination. 
Once it is determined that a particular ratio of specific 
clays best suits foundry requirements for general pro­
duction conditions, it is often possible to purchase such 
a blend pre-mixed by the supplier.

There are two common errors which should be 
avoided by foundries. The first is a tendency to select 
the system sand (and the type of clay used) to conform

to equipment limitations in mulling, molding, shakeout, 
and so on, rather than in terms of casting quality. The 
second error is attempting to over-extend the system 
sand by exceeding its limitations in the size or thickness 
of castings produced.

Sand Preparation
In the preparation of green sand molding mixtures, 
clays must be combined with the proper amounts of 
moisture and then distributed as uniform coatings 
around the sand grains. The naturally-bonded sands 
discussed previously contain fireclays which are already 
well distributed on the grains. Fireclays absorb moisture 
much more readily than do the bentonites, and thus the 
use of simple blade-type or paddle mixers quickly dis­
perses the moisture throughout a naturally-bonded 
sand. By contrast, much more mechanical energy and 
time are necessary in order to plasticize the bentonite 
clays and to distribute them uniformly around the sand 
grains. This has led to the development and use of 
mullers utilizing high wheel-pressures to accelerate the 
process. Recently, blade-type, high-intensity mixers 
have been developed for the same purpose.

The mulling of green sand mixtures first serves to mix 
and blend the various ingredients together until they are 
dispersed homogeneously. Further mulling is required 
so that continued absorption and equalization of the 
water in the clay will occur, thereby developing uniform 
water/clay ratios within the individual grain coatings. 
This thorough mulling promotes the full development 
of properties of the mixture. Sands which are insuffi­
ciently mulled tend to be both weak and brittle.

System Sands
Molding sands which are cycled for reuse are referred to 
as system sands. The proper selection or design of a 
system sand is no simple matter, since sand property re­
quirements will vary from one foundry to another. The 
problem is further complicated by the fact that the sand 
mixture in use partially deteriorates with each cycle, 
both chemically and physically, from exposure to the 
molten metal. Additionally, various kinds o f debris and 
contaminants enter the sand, and sufficient heat can 
build up so as to cause serious changes in properties. 
The recycling process can be thought of as the establish­
ment of “ steady-state” conditions, whereby the sand is 
cleansed each cycle and suitable additions o f new mate­
rial are made in order to either dilute or replenish 
materials formed or lost during the casting process. The 
net objective of recycling, simply stated, is to maintain 
the characteristics and properties of the system sand 
within acceptable working limits.

Designing a System Sand

Whether choosing a naturally-bonded sand or a washed- 
and-dried sand to be blended with clay bond, it is good 
practice to select a material having a grain fineness 
number no greater than absolutely necessary. Fines tend
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to form and accumulate in system sands during their 
recycling because of thermal and mechanical forces. 
Modern molding machines, and especially the high-den- 
sity, high-pressure type, utilize coarser sands without 
sacrificing surface finish.

Wherever possible, it is advantageous to choose the 
same base sand for both molding and coremaking, thus 
preventing shifts in grain size or distribution as the 
system sand becomes diluted by core breakdown.

The ideal base sand is one having a five-screen grain 
distribution. Such sands require the least amounts of 
clay bond and temper water to develop optimum prop­
erties.

The type of clay selected for bonding a washed-and- 
dried base sand will be determined not only by the size, 
shape and thickness of the casting to be produced but 
also by the equipment available for sand preparation, 
handling, molding, shakeout, and storage. General 
characteristics required of any system sand include the 
following:

• Flowability adequate to fill the flask by gravity

• Compactibility suitable for attaining the desired 
mold hardness and density

• Adequate green compression strength to prevent 
mold damage

• Dry- and hot-compression strengths sufficient to 
avoid chronic mold erosion problems

• Freedom from excessive hard sand lumps at 
shakeout

• Ability to consistently produce quality castings

Foundries producing small- or medium-size castings 
of light section thickness often find it possible to take 
advantage of the better mulling, ramming, and shake­
out properties afforded by the use o f a Southern 
(calcium) bentonite bonding clay. Conversely, pro­
ducers of large, heavy-section castings tend to select 
Western (sodium) bentonite because of its superior dry- 
and hot-strength and its good resistance to sand expan­
sion defects. In general practice, foundries usually bond 
their system sands with a blend of different clays in 
order to optimize system sand properties for the range 
of conditions encountered in production.

System sands utilizing fireclay or Southern bentonite 
as the predominant bonding material can be improved 
in their resistance to sand expansion defects by the use 
of small, controlled amounts of organic additives— 
usually as some form of cellulose (wood flour, cob flour, 
rice hulls, and so on). These materials should be of 
uniform fineness and low in ash content. They burn out 
of the sand at low temperatures and, by a process not 
fully understood or agreed upon by authorities, prevent 
the cracking and spalling behavior of mold surfaces 
which are associated with the occurrence of rat tails, 
buckles and scabs. The limit o f  effectiveness fo r  such

cellulose additives is reached at addition levels o f  ap­
proximately 1 to 2% by weight. It is a common mistake 
to use heavier additions of these additives to correct per­
sistent sand expansion problems; other corrective means 
should be explored instead. With excessive cellulose ad­
ditions, additional temper water is necessary in order to 
develop proper green compression strength. This factor, 
plus the gas-forming tendency of the additive, combine 
to aggravate the sand expansion problems (by the for­
mation of wet-condensation layers) causing expansion 
defects. The high level of cellulose makes the sand 
friable and brittle, increases the chances of blowholes 
and, in extreme cases, causes sooty pock-marks on 
casting surfaces.

It is difficult to m onitor the working level of cellulose 
additives in a system sand. While there are tests to 
evaluate the overall level of organic materials present, 
such tests cannot distinguish between desirable additives 
and organics arising from unwanted core binders.

Recycling System Sands

The recycling of a system sand begins after mold 
shakeout and removal of the casting, comprising the 
following basic steps:

• Shakeout sand is transferred to a coarse vibratory 
or rotary screen for removal of large contaminant 
particles such as core butts, wire, metal splash and 
hard sand lumps

• Sand is transferred to storage adjacent to the mull­
ing station (possibly with air counterflow for par­
tial cooling and fines removal)

• Batch re-mulling takes place, with appropriate ad­
ditions of new clay, new sand, temper water and 
other additives

• Sand is discharged from muller (possibly with aera­
tion to remove lumps of caked sand and additional 
metallics)

• Sand is transferred to storage at molding stations

• Sand is re-used in molding (with or without riddling 
to remove fine sand lumps and metallics)

The effectiveness o f some of the foregoing operations 
can be assessed by visual examination of the sand, either 
before or after screening. This is particularly the case 
for evaluating the removal of metallics, lumps of sand, 
or other debris. Unfortunately, however, many of the 
changes taking place in the system sand as it is recycled 
cannot be readily seen and must be evaluated at inter­
vals by a series of test procedures, either at the muller 
location or in the laboratory. It is first im portant to 
recognize the nature of these changes.

Clay alteration. The natural ability of clay minerals to 
be plasticized by the absorption of water can be 
destroyed by their exposure to elevated temperatures. 
Bentonites, for example, cannot again absorb water 
once they have been exposed to temperatures above
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EFFECT OF HOT SANDS
g r e e n  s a n o  p r o p e r t ie s
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Fig. 3-5. E ffect o f  hot sands

about 1022F (552C). This thermal alteration effectively 
renders them inert as bonding material, and clay 
minerals thus affected become “ dead clays” in the sand 
mixture, acting merely as so much silt. During each 
casting cycle, therefore, some portion of the clay pres­
ent in the sand is rendered useless—the amount depend­
ing upon the depth of the sand layer in contact with the 
casting, which reaches the limiting temperature. This is 
related to casting section thickness, pouring tempera­
ture, and cooling time before shakeout. The rate at 
which new, active clay must be added to replenish that 
which is thermally destroyed can only be determined by 
tests designed to measure active clay levels in the sand.

Generation o f  fines. The grains of base sand are con­
stantly being worn away by mechanical forces as they 
are recycled. They likewise crack and fragment to form 
smaller particles due to the thermal shock of the molten 
metal. If allowed to accumulate in the system sand, 
fines can cause all manner of problems and casting 
defects. The level of fines can only be measured by 
periodic screen analysis to note trends. Unless a balance 
can be effected between sand carry-out rate and new 
sand input by cores and muller additions so as to 
stabilize the level of fines, other steps must be taken. 
These include installation of a pneumatic system for 
fines removal or establishment of a schedule for dis­
carding a portion of the system sand and replacing it 
with new sand. This amounts to controlling the fines by

dilution. It is always preferable to avoid sudden, large 
additions o f new sand and clay to the system in order to 
avoid abrupt swings in sand properties.

Overheated system sand. A basic error made by many 
foundries is the underdesign, or over-utilization of their 
sand system, necessitating the recycling of sand to the 
degree that it becomes seriously overheated in the course 
of a day’s production. Sand is a poor conductor of heat, 
especially when confined in storage hoppers. Hot sand 
conditions are all too frequent and make control of sand 
properties impossible. Experienced sand technologists 
generally agree that the threshold of “ hot sand” condi­
tions begins at about 100F (38C). At this temperature, 
sand properties begin to deteriorate, and these changes 
become critical at about 160F (71C) (see Fig. 3-5). Hot 
sand slows the absorption o f water by the clay and its 
stabilization within the layers coating the sand grains. 
Additional water must be added, often inexact 
amounts, to allow for increased evaporation losses be­
tween the muller and the molding station. H ot sand 
against the pattern can cause moisture condensation, 
sticking, and rough mold surfaces when the pattern is 
extracted. Although system sand temperature can and 
should be monitored, it is more important that some 
means be provided for avoiding temperature build-up in 
the system.

Green Sand Testing
As stated earlier, the net objective in the control of a 
recycled system sand is to maintain sand characteristics 
and properties within acceptable working limits. Many 
foundries endorse the practice of sand testing while not 
attaching any real significance to the actual test results. 
This is usually because sand property values have not 
been correlated with casting quality. Both good and bad 
castings have resulted from “ tested” sands on different 
occasions.

Variations in casting size, shape, and design as well as 
variations in gating and molding practice impose dif­
ferent demands on sand behavior. Sand technology has 
not yet reached the point where particular sand property 
requirements can be analytically predicted. Such infor­
mation must be determined by observation and test ex­
perience. The working limits for any given sand prop­
erty will always include some degree of compromise, 
reflecting the range necessary to compensate for varia­
tions in product mix. It is also true that no one property 
can be optimized without compromising other proper­
ties.

The establishment of acceptable working limits for 
the various properties of a general-purpose system sand 
requires correlating the results of extensive tests for the 
entire range of castings produced. A sand system should 
not be expected to be able to produce too wide a range 
of casting sizes and section thicknesses with a single 
sand formulation. Rather than being economical, this 
practice would seriously compromise production and
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would result in  increased scrap rates.

Today, practical foundry sand technology focuses on 
a group of seven tests, considered to be the most impor­
tant tools for system sand control. These tests involve:

• Compactibility • Green compression strength
• Moisture content • Methylene blue (M.B.) clay
• Specimen weight content
• Permeability • Sand temperature

Compactibility. Compactibility of a tempered sand is 
measured as the percentage decrease in height of a 
loosely-packed sample when subjected to a given degree 
of compaction force. The m older’s “ feel test,” which 
relates to compactibility, indicates the degree of sand 
temper (clay/water ratio). The test is highly sensitive to 
moisture changes and can be used to supplement or 
m onitor moisture determinations (a change of three 
units on the compactibility scale is equivalent to a 
0.10% variation in sand moisture level).

In the last decade, the development of the compac­
tibility test has enabled closer control of sand properties 
and has made quicker and more accurate testing pos­
sible on the production floor. Many foundries have in­
stalled compactibility test equipment on the muller deck 
for use by the operator as a means of controlling 
moisture content. In addition to the laboratory rammer- 
type compactibility tester, an automatic unit is also 
available which is designed to continuously sample and 
test the sand in the muller, adding the necessary 
amounts of water at the proper times in order to reach 
the designated value for compactibility. This system 
works for both batch-type and continuous mullers.

Moisture content. Not all of the water added to a 
molding sand is necessarily absorbed by the clay bond; 
some is absorbed by various inorganic and organic ad­
ditives or contaminants present in the sand. Whereas the 
compactibility test is an accurate indicator of sand 
temper, wide differences in total moisture may be en­
countered at a constant level o f compactibility. For this 
reason, the moisture test should be made as a supple­
ment to the compactibility test. When extra moisture is 
required to reach a given sand temper, it is an indication 
that there has been a build-up of moisture-absorbing 
contaminants. Conversely, unusually low values of total 
moisture may indicate an excess of new, unbonded sand 
in the system. Unusual fluctuations in total moisture 
signal the need for additional tests (such as tests for 
green compression strength, permeability, and loss-on- 
ignition) in order to evaluate the cause.

Specimen weight. A simple and convenient test for 
evaluating changes in a system sand involves the 
measurement of the weight o f sand required to form a 
standard 2 in. by 2 in. AFS rammed specimen. The ac­
cumulation of dead clay, fines, and ash (materials on 
USA Sieve Nos. 200, 270 and pan) in the sand causes a 
gradual reduction in sample weight, normally from be­
tween 145 and 160 grams. If, however, the specimen

weight shows an increasing trend it is an indication that 
excessive amounts of new or unbonded sand are enter­
ing the system.

Permeability. The permeability of a compacted or 
cured sand specimen is a measure of the ease with which 
gas can flow through its mass, and is directly related to 
the venting qualities of the sand when used as a mold or 
core aggregate. The fineness, shape, and distribution of 
the sand grains, type and amount of bond material, de­
gree of tempering, moisture level, and density of com­
paction are all factors influencing permeability. 
Increased permeability may indicate coarser grain size 
or lower mold density, factors resulting in rougher 
casting finish. Reduced permeability reflects conditions 
which may cause gas-related defects (blowholes, 
pinholes, and so on). Under conditions of reasonably 
good control, the permeability of a system sand should 
not fluctuate widely; however, sustained production of 
unusually heavy or unusually light castings may cause 
changes in this permeability. Although the frequency of 
permeability testing will vary from one foundry to 
another, hourly testing is good practice.

Green compression strength. The test for green com­
pression strength has been used to determine the effects 
of the clay bond in a system sand, and is often the 
primary means for establishing the level of clay addition 
to be made. However, there are several related factors 
affecting green compression strength. These factors in­
clude the degree of mulling, clay content, moisture 
level, compactibility, and the kind and amount o f ad­
ditives. Hence, the test for green compression strength 
should be used in conjunction with the compactibility 
and methylene blue tests in order to evaluate the active 
clay level and muller efficiency.

Methylene blue clay. The methylene blue clay test 
provides a quick and accurate method for determining 
the level of active clay in a clay-bonded sand. This 
measurement involves determining the “ base-ex­
change” capacity of the bentonite present in the sand, 
and titrating with methylene blue dye to replace the ex­
changeable ions found only in the structures of active 
clay materials. The test does not measure the presence 
of dead burned clay, inert fines, or silt as would be in­
cluded in the “ total clay” value found by use of the 
older AFS clay-wash/decantation procedure. The 
methylene blue test is useful for monitoring the active 
clay level in system sands as well as for checking incom­
ing bentonite shipments to the foundry.

Sand temperature. Many problems can be caused by 
hot molding sands, as has already been discussed. To 
assist in monitoring sand temperature it is convenient to 
install thermocouples in batch hoppers.

Compaction of Green Sand
No discussion of the green sand casting process would 
be complete without a consideration of the molding 
operation itself. Various types of molding equipment
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Fig. 3-6. Com paction o f  m olding sands using various 
molding methods.

have been developed for different applications; 
however, not all of these are equally efficient in produc­
ing quality molds. Although the machines themselves 
will not be reviewed in detail here, each machine utilizes 
one or more basic means of mechanical sand compac­
tion. It is im portant to understand the behavior of green 
sand as these different compaction forces are applied. 
With this knowledge, a more intelligent selection can be 
made in matching a molding system to the type of parts 
to be cast.

The principal objective of any molding technique

should be the production of a mold whose surface will 
neither wash nor buckle when exposed to sudden con­
tact with hot metal, and a mold rigid enough to retain its 
shape and dimensions while permitting the rapid escape 
of gases. This requires the compaction of a suitably fo r­
mulated sand aggregate so as to produce high, con­
trolled levels of mold density. Two things are necessary 
when forming a mold o f green sand: 1) the sand mass as 
a whole must move to its final resting place within the 
flask, and 2) the sand mass must be compacted, or den- 
sified, by moving the individual grains closer together. 
The high frictional forces between the sand and the ad­
jacent surfaces (flask walls and pattern), and between 
the grains themselves, create a natural resistance against 
movement or compaction. The response of the sand 
mass to outside forces depends upon the nature o f the 
force as well as its intensity. Comparisons of the relative 
effectiveness of ramming, jolting, and squeezing are 
given in Fig. 3-6.

Ramming, either manually or pneumatically, consists 
of hammering the sand mass with blows applied to small 
unit areas. Although sands can be uniformly and 
densely rammed into small spaces in this manner, the 
overall level of mold compaction tends to be erratic 
(Fig. 3-6, a).

Jolting utilizes the inertia of the sand mass itself, 
causing it to settle and compact against horizontal sur­
faces of the pattern and parting surface. The upper por­
tions of the sand mass are much less affected (Fig. 3-6,
b). Some jolt-type equipment utilizes heavy weights, 
placed on top of the sand mass, to increase compaction 
in the upper layers.

Squeezing of the sand in a flask produces a compac­
tion pattern which is the reverse of that produced by 
jolting. The degree of compaction is greatest in contact 
with the squeeze head, diminishing as the distance from 
the squeeze head increases. With relatively high flasks 
and shallow or flatback patterns, squeezing alone may 
result in relatively soft mold faces even when using high 
squeeze pressures. With higher patterns, flat squeeze 
heads create high-density compaction against the upper 
pattern surfaces and relatively low compaction against 
the pattern and flask sidewalls or parting surface (Fig. 
3-6, c). The limiting effects of these high-density sand 
columns can be offset in some measure by use of a pro­
filed squeeze head or by use of multiple pressure feet 
with hydraulic equalization (as with high-pressure 
squeeze machines).

Jolt/squeeze machines combine the compaction char­
acteristics of both jolting and squeezing (Fig. 3-6, d), 
thus taking advantage of both forces. Areas adjacent to 
flask sidewalls still tend to be less dense, however, unless 
the flask is relatively shallow. Deep pockets o f sand in­
adequately compacted by jolting cannot be markedly 
improved by the application of subsequent squeeze 
pressure, however high.
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Sandslinging, when properly done, will produce 
molds of high, uniform density. In this process, small 
clumps of sand are thrown against the pattern in rapid 
succession, each slightly overlapping the preceeding 
clump. Compaction is by impact, the degree of which is 
controlled by the velocity o f an impeller which hurls the 
sand by centrifugal force.

Other miscellaneous compaction techniques have 
found limited application. One of these is blowing, in 
which a large mass o f sand is initially discharged into 
the flask by pneumatic pressure, similar to a coremak­
ing operation. The compaction pattern is essentially 
similar to that of jolting and a subsequent squeezing 
operation is generally required. One o f the more re­
cently developed methods for high-density compaction 
of green sand utilizes the explosive force of controlled 
combustion of pressurized gas/air mixtures. To date, 
such equipment has found only limited application in 
North America, however its developers claim a uniquely 
uniform and efficient compaction behavior. This is 
ascribed both to the uniformity of pressure distribution 
within the sand mass in promoting movement and to a 
thixotropic behavior o f the clay bonding material, in­
ducing high flowability under the effect of shock 
pressure.

In summary, it should be pointed out that the true 
economy of a green sand molding system depends upon 
the effectiveness of: 1) a well-formulated system sand,
2) a well-designed and operated sand recycling system,
3) a systematic testing program for monitoring the prop­
erties o f the system sand and those of its ingredients, 
and 4) selection of molding and handling equipment 
adapted to the foundry’s product mix.

WATERLESS SAND MOLDING
In view of the numerous problems associated with the 
presence of moisture in a molding sand and the need for 
close moisture control in a green sand system in order to 
m aintain good sand properties, waterless binders have 
been developed. Such binders are plasticized, or tem­
pered by oil as opposed to water. As compared to water, 
certain oils were found to be especially advantageous, 
offering the benefits o f higher vaporization temper­
atures, lower rates of gas evolution, and reduced chill­
ing effect. The binder materials, known as bentones, are 
derived by treating a water-swelling (Western) bentonite 
with certain organic salts to convert it to an oil-swelling 
material. Such modified Western bentonites, like the 
Southern bentonites described earlier, have relatively 
low dry- and hot-compression strengths. For this 
reason, these oil/clay-bonded sands are not used for the 
production o f heavy section castings.

A waterless molding sand for copper-base alloy 
casting production is typically comprised of a washed- 
and-dried silica sand o f  AFS gfn 100-180. A  bentone 
binder level of approximately 5%, tempered by a 2% 
addition o f coastal oil (SAE 40) is generally a good for­

mulation. Most foundries using such sands work at 
green compression strengths of 8-12 psi. Dry compres­
sion strengths are usually over 50 psi, with hot compres­
sion strengths over 100 psi.

It is im portant that the waterless sands be mulled, 
since simple mixing does not coat the grains properly. 
Proper mulling develops the maximum bond strength 
and thoroughly distributes the plasticized binder. 
Although some foundries prefer to first add the oil to 
the sand, before the binder, the more normal procedure 
is to add the binder to the sand first.

Once the molds have been poured they should be 
shaken out as soon as solidification occurs. This is to 
minimize the heat exposure effects on the binder, 
whereby the oil is partially burned away and the bentone 
loses its capacity to be replasticized. During recycling, 
the amount of replacement additives required depends 
upon the depth of the heat-affected sand layer in the 
mold. The depth o f the heat-affected sand depends on 
pouring temperature, casting section thickness, and the 
delay before shakeout. The amount of additives re­
quired will also depend on the percentage of unbonded 
sand entering the system from core breakdown. Pre­
mature shakeout, like delayed shakeout, can also cause 
problems. Excessively hot castings can cause the oil to 
ignite, accelerating its loss from the sand and creating 
smoke and fumes in the foundry environment. When 
using such sands, testing should be done regularly to 
monitor the level of residual oil in order to make sure 
that it does not fall below the minimum requirement. 
Test equipment for this purpose is available from 
various binder suppliers.

SKIN-DRIED AND DRY SAND MOLDS
As casting size and section thickness become increas­
ingly large, a point is reached beyond which the 
mechanical and thermal properties of green sand molds 
are no longer adequate to produce quality castings. One 
means for extending the application of green sand 
molds has been to improve their rigidity and heat 
resistance by the use of supplemental binders, with 
subsequent drying of the mold. If  only the surface of the 
mold is dried, it is referred to as skin-dried; if the entire 
mold is dried, it is known as a dry sand  mold. Both 
techniques have fallen into disuse, principally because 
of the development of new chemical binder systems 
which do not require prolonged, expensive drying 
operations and because o f the scarcity of molding skills 
needed for ramming large molds.

Skin-dried (or air-dried) molds are preferred to green 
sand molds when mold walls free o f gas-forming 
moisture, or molds exhibiting greater resistance to ero­
sion and thermal shock are desired. Skin-dried molds 
are first compacted as in green sand molding. Following 
pattern extraction, special soluble binder materials are 
applied to the face of the mold, often by spraying. Skin- 
drying is accomplished by means of hot air, torches, ra­
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d ia n t heaters or infra-red lamps. Mold surfaces are also 
generally coated with some type of refractory mold 
wash, either before or after the initial drying, in order to 
improve erosion resistance and to prevent metal pene­
tration. Molds should be handled, closed, and poured in 
such a manner as to assure that moisture does not 
migrate to the dried surface nor condense upon it.

Because the mold interior is green sand, skin-dried 
molds show good collapsibility and the molding ag­
gregate may be recycled.

Dry sand molds have traditionally been used in the 
manufacture of heavy castings where even greater mold 
strength and stability have been required. Such molds 
are rammed with w ater/clay/sand mixtures in the same 
manner as for conventional green sand molds. The 
molding aggregate contains additional ingredients, 
however, which are designed to impart high dry- 
strength. These include materials such as molasses, dex­
trin, gluten, or other organic substances, added with the 
temper water together with increased levels of a high 
dry-strength binder. Following pattern extraction, the 
mold is then baked throughout at temperatures between 
400 and 600F (204 and 316C). Baking is accomplished 
either in a large baking oven or by use of large mold 
heaters. As in the case of skin-dried molds, surfaces of 
dry sand molds are coated with refractory washes before 
use.

Establishment of proper baking time and temperature 
is essential to the success of the dry sand molding pro­
cess. The time and energy required for baking, plus the 
fact that the sand is much more difficult to recycle, 
make dry sand molding relatively expensive. These fac­
tors, plus the molding skills needed for this process, 
have caused it to be replaced in large measure by pro­
cesses using sands bonded with chemically-setting (no- 
bake) resins.

Fig. 3-7. Bronze propeller at shakeout, cast in a cement- 
bonded m old. (Courtesy Columbian Bronze C orp., 
Freeport, N Y )

Cement-Bonded Sand Molds
Cement-bonded sand molding is a special method which 
is used only sparingly in copper-base alloy foundries. It 
is included here since it is a viable process for the 
manufacture of large marine propellors (Fig. 3-7). 
Cement-bonded sand molding is often referred to as the 
Randupson process.

Air-dried molds of unusual properties are produced 
by this process, in which such great dry strength is 
developed that cranes can actually handle molds 
without damaging them. Portland cement is the bond­
ing agent. When properly cured and dried, such cement 
bonded sand molds show little gas-forming tendency. 
Most cement molds, however, require higher temper­
atures drying by the methods commonly used with dry 
sand molds. Cement molds have the advantage of 
relatively high chill rates, but must be used with discre­
tion to avoid hot tearing problems. Reclamation of the 
molding aggregate for reuse is rather expensive.

Many favorable claims have been made for the ability 
to store cement-bonded molds. This is an im portant ad­
vantage in cases where molds require long periods for 
their assembly, prior to pouring.

CHEMICALLY-BONDED SAND MOLDING & 
COREMAKING SYSTEMS
Prior to the late 1940’s, foundries had relatively little 
choice in the selection of sand molding or coremaking 
processes. Small- to medium-size castings were made in 
green sand molds; larger castings were made in skin- 
dried green sand, dry sand, or “ core molds”  (built up of 
sections bonded with heat-cured core oils). More than 
90% of all the cores used in these molds were made with 
oven-baked, oil-sand mixtures. Following World War IT 
drastic changes began to occur, first with the introduc­
tion of heat-cured resin binders and gas-hardened 
silicate systems. These were followed later by a flood of 
chemically-cured and gas-hardened resin systems.

Introduction of many of these new binder systems 
necessitated the design and development of new hard­
ware—including patterns, coreboxes and machines—for 
their use. In some instances existing hardware could be 
converted for use. Within the last 30 years, numerous 
types of binder systems have found acceptance both for 
molding and coremaking. The rates of their increased 
use are shown in Fig. 3-8, together with a curve showing 
the slow, but persistent decline in the use o f the more 
traditional “ core oil” binders.

The array o f binder materials available today to the 
foundry industry presents a complex combination of 
chemistries, properties, advantages, limitations, and 
relative costs. The multitude of chemical binders 
available have been conveniently classified by commit­
tees of the AFS Molding Methods & Materials Division 
4, as presented in Fig. 3-9.

The various binder systems are classified into two ma­
jor groups: organic and inorganic. Each group, in turn,
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is comprised of three families characterized by their 
hardening, or curing mechanism—thermosetting, self­
setting and vapor-cured. In all cases, curing consists of a 
chemical reaction which results in the formation of a 
hard, infusible compound which acts to bond the sand 
grains together.

Thermosetting reactions are those which require the 
application of heat in order to  cause the ingredients to 
react. By contrast, self-setting reactions take place at 
ambient temperatures and begin as soon as the ingre­
dients are mixed together. The speed of the reaction is 
often controlled by the addition of some type of cat­
alyst. Vapor-cured binder systems, which also harden at 
ambient temperatures, consist o f at least two ingre­
dients, one of which is a liquid used to coat the sand 
grains. After the sand mix is compacted to form a mold 
or core, it is then purged with a gaseous reactant— 
which is the other ingredient of the system.

The costs and operating characteristics of the various 
binder systems dictate their versatility in foundry use. 
Some are best suited to either molding or coremaking 
alone, while others can be easily adapted to both ap­
plications. The following discussion is intended to char­
acterize the various systems without necessarily attem pt­
ing to describe specific applications.

Organic Binders
Thermosetting
The three binders comprising this family are: a) phenol- 
formaldehyde resin (shell process), b) furan or phenolic 
resin (hot-box process), and c) oils (core oil).

Phenol-formaldehyde resin is one of the first syn­
thetic resins to find widespread use in the foundry. It is 
the material utilized as both a mold and core binder in 
the well-known shell (Croning) process. Washed-and- 
dried silica sand of appropriate grain fineness is first 
coated with approximately 2% to 4% of a novolak 
resin, using one of three different mixing techniques— 
cold, warm, or hot coating. A novolak is a phenol- 
formaldehyde resin (thermoplastic) which lacks suffi­
cient formaldehyde to harden, or cure, when heated. 
The remaining ingredient which is added to  the mixture 
during the coating process is hexamethylenetetramine 
(hexa). The latter is a product of a reaction between am­
monia and formaldehyde, and serves to supply the miss­
ing formaldehyde for the curing reaction when heat is 
applied to the coated sand. Temperatures from  about 
350 to 500F (176 to 260C) are normally required for the 
sand mix to cure.

In practice, the coated sand is either dumped by grav­
ity or blown from an adjacent storage hopper into con­
tact with a heated pattern plate or core box. The curing 
reaction takes place from the heated surface inward, 
and is normally allowed to progress to the point where a 
crust or shell of desired thickness is formed. At this 
point, the remaining uncured sand is dumped back into 
the storage hopper and the cured shell mold or core is

Fig. 3-8. Introduction and growth o f  chemically bonded  
sand system s in the United States market.

separated or extracted. A schematic representation of 
the shell molding process is given in Fig. 3-10. The most 
authoritative reference on all aspects of the shell process 
is the AFS publication, Shell Process Foundry Practice, 
2nd edition (1973).

During some 35 years of industrial usage, the phenol- 
formaldehyde shell process has found greater applica­
tion for coremaking than for molding. Its initial attrac­
tion as a molding method lay in its capability to hold 
closer tolerances than did green sand molds, while pro­
viding improved surface finish. From the outset, its 
disadvantages have been lower productivity rates, ex­
pensive pattern equipment required, and higher energy 
costs. The advent of automated, high-density green 
sand molding served to swing the balance further away 
from shell molding as a viable economic process.

Shell coremaking has been quite another story. Its in­
itial attraction in the 1950’s was due to the fact that it 
offered a means of eliminating the traditional coreblow­
ers, core driers, reinforcing wires, baking ovens and 
skilled coremaking labor required in the past. The popu­
larity of shell coremaking accelerated rapidly from 1950 
onward, peaking in about 1970. Its use is now slowly 
declining, although it still remains as one of the most 
popular foundry processes. This decline has resulted 
from at least three factors: 1) the rapid escalation of 
energy costs beginning in the 1970’s, togther with 
threatened curtailment of natural gas for industrial use; 
2) environmental regulations dealing with solid waste 
disposal and the identification of shell sand wastes as 
sources of free phenol; and 3) the introduction of other 
fast-cure coremaking binders competitive with the shell 
process.

The hot-box process utilizes a resin which cures when 
heat is applied in the presence of an acid catalyst. There
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TH ERM O SETTIN G  
SHELL PROCESSES:

DRY BLEND
WARM COAT (SOLVENT)
HOT COAT 

HOT BOX PROCESSES:
F U R A N
PHENOLIC

OILS:
CORE OIL

SELF SETTING  
FURAN NO-BAKES:

HIGH NITROGEN FURAN -  ACID 
M EDIUM NITROGEN FURAN -  ACID  
LOW NITROGEN FURAN -  ACID  

PHENOLIC NO-BAKES:
P H E N O L IC S - ACID  

URETHANES:
A LK YD  -  ORGANOMETALLIC  
PHENOLIC -  PYRIDINE

VA PO R-CURED (COLD BOX)
PHENOLIC URETHANE -  AMINE  
PHENOLIC/PEROXIDES -  SO21 
SOLVENT EVAPORATION -  AIR

THERM O SETTIN G
SILICATE (WARM BOX)

SELF-SETTING
SILICATES:

SODIUM SILICATE -  ESTER CURED 
SODIUM SILICATE -  FeSi CURED 
SODIUM SILICATE -  2 CaO S i0 2 CURED 

CEMENTS:
CEMENT -  HYDRA ULIC  CURED 
CEMENT (FLU ID  SAND) -  HYDRAULIC CURED 

PHOSPHATES:
PHOSPHATE -  O XIDE .CURED

VAPOR CURED
SODIUM SILICATE -  C 0 2

(1) H = High, M = Medium, L = Low, N = None
(2) E = Excellent, G = Good, F = Fair, P = Poor
(3) Use minimum N2 levels for Steel
(4) Iron oxide required for Steel
(5) Rapid strip times required special mixing equipment

H M L M F G H G 260 (500) F E N M
H M L M F G H G 260 (500) F E N M
H M L M F G H G 260 (500) F E N M

H H L H G F H F 230 (450) P G M M (3)
H H L M G G H F 230 (450) P G M M STEEL

M M M H G G L P 205 (400) F F H M

H M L M G G 1-45 27 (80) P G H M STEEL
H M L M, G G 1-45 27 (80) P G H M
H M L M G G 1-45 27 (80) P G H M

M M L M G G 2-45 27 (80) P G H M

H M L M F G 2-45 32 (90) F F H H
M H L H G F 2-20 27 (80) P G H M (4)

M H L H G F H G 24 (75) P G H M (4)
M H L M G G H G 24 (75) P G M M -
M H - - - G H G - - - G H - -

H L L M P F H ' F 1,20 (250) P G M M (3)

M L H L P P 5-60 24 (75) F G M N
H L L L P P 30 24 (75) F G H N
L L L L P P 30 24 (75) F G H N

M L L L P F 45 24 (75) F F L N
L L L L P F 30-60 24 (75) P G L L

M L L M G P 30-60 32 (90) F F H N

L !_ L L P P H P 24 (75) F F H N

Prepared By 
AFS Molding Methods and Materials, Division 4 
Cured Sand Committees 8 0 - 1 - 1  and 80 - I - 2

Fig. 3-9. A  comparison o f  the properties o f  various m old  and core binder systems.

are two basic hot box binder systems: the urea-furan i--------------------
and the phenolic 1-step resins. In the majority of ap­
plications, both systems provide equivalent results and 
the choice between the two is largely a matter of the 
types of sand, mixing equipment, and core blowers 
which are most economically available.

Mixing procedures are essentially the same when 
using either binder system. One exception may occur 
with the phenolic resin system—the catalyst may be sup­
plied either in liquid or powdered form. When furnished 
in the form of powder, the catalyst must first be ac­
tivated with water according to supplier’s instructions.
A typical mixture when using a urea-furan binder would 
be 2% resin (based on sand weight) plus 20% liquid 
catalyst (based on resin weight). The mixing cycle for a 
conventional, vertical-wheel muller is typically a total of 
5 minutes—2 minutes after adding the catalyst and 3 
minutes after adding the resin. The amount of catalyst 
and resin will naturally vary, depending upon foundry 
needs.

The tensile strength of a hot-box resin sand core will 
vary directly with binder content, and is affected by 
core-box tem perature and cure time. Cure time depends 
upon core section thickness for any given temperature 
and can be significantly changed by the amount of 
catalyst added. Excessive-, temperatures or curing rates 
can result in friable cores, and proper conditions can 
best be determined by experimentation.

Shell M olding Process

Hot m atchp la te

A heated metal matchplate is 
placed over a box containing 
sand mixed with thermoplastic 
resin.

Box and matchplate are 
inverted for short time. 
Heat melts resin next to  
matchplate.

Shell

When box and matchplate are 
righted, a thin shell of resin 
bonded sand is retained on 
the matchplate.

Shell is removed from 
the matchplate.

©
The shells are placed 
in oven and "heat 
treated" to thoroughly 
set resin bond.

Steps a through d  are repeated using 
the other side of matchplate.

Shells are clamped together and 
placed in a flask. Metal shot or 
coarse sand is packed around 
the shells, and mold is ready to 
receive molten metal.

Metal shotx 

Shells.

Clamp

Fig. 3-10. Shell molding process
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The hot-box process requires the use of cast-iron core 
boxes provided with means for temperature control. 
Standard mixing equipment is adequate as long as ac­
curate controls exist for making measured batch addi­
tions and timing the mixing cycle. The process offers a 
simple, versatile means for high-production coremaking 
at a moderate cost. It becomes competitive with the con­
ventional baked oil-sand process for any job requiring 
50 or more core driers. In such cases, the savings in core 
driers will usually offset the cost o f the more expensive 
core box required for hot-box production.

Post-curing of hot-box cores is desirable, but not 
always necessary. With all chemically bonded cores, 
through-curing is essential to  ensure casting quality; 
therefore, it is recommended that hot-box coremaking 
facilities include a means for post-curing as the need 
arises.

Core oils. In spite of the many new chemical resin 
binder systems available today, many foundries still 
make substantial use of the traditional baked oil-cereal- 
sand mixtures for coremaking. Such mixes actually con­
sist of four basic ingredients—sand, water, oil, and 
cereal. Other additives are often used to provide special 
properties such as collapsibility, hot-compression 
strength, flowability, ease o f blowing, or dimensional 
stability. Each of the basic ingredients has an affect on 
the four principal core properties:

• green compression strength (uncured state)

• baked strength (cured tensile strength)

• baking speed (rate of cure)

• hardness

Commercial core oils are usually formulated with 
three basic ingredients: a drying (or oxidizing) oil or 
resin, a petroleum resin which is at least partially ther­
mosetting, and a solvent to reduce the viscosity of the li­
quid. A t the usual baking temperatures of 375 to 450F 
(190 to 232C), such oils oxidize and polymerize to form 
a strong bond for the sand grains.

Simple oil-sand mixtures cannot be used because of 
their poor green strength, causing the green cores to sag 
and collapse readily. It is for this reason that small 
amounts of cereal (corn flour) and water are added to 
the core mix. The plasticized cereal adds substantial 
green compression strength to the mixes, although green 
cores must still be supported by plates or driers until 
baked. Cereal also causes marked improvement in 
baked strength but has relatively little effect on core 
hardness; it has an adverse effect on the flowability and 
blowing characteristics of the green mix.

The water addition must be carefully proportioned 
during mixing and should be introduced to the muller 
before the core oil is added. During the baking cycle, no 
appreciable hardening can occur until the water is first 
evaporated from the cores. For this reason, the higher 
the water addition the slower the speed of baking. The

baking cycle for silica-sand core mixes may vary from 
one core oil formulation to another, but typically is 
about one hour per inch of core thickness (the cycle time 
is doubled when using zircon sand).

Self-Setting Binders

The three members of the self-setting binder family are: 
a) furan no-bake resins, b) phenolic no-bake resins, and
c) urethanes.

Furan no-bake is the generic name for a family of 
foundry binder systems based on furfuryl alcohol which 
cure at room temperature. The system is composed of a 
liquid binder (or resin) and a liquid catalyst. Although 
consisting principally o f furfuryl alcohol, the resins may 
be modified with urea, formaldehyde, or additives such 
as phenolic resins. The urea-modified resins are less 
costly; however, the urea introduces nitrogen into the 
system in direct proportion to its concentration. Higher 
nitrogen levels can cause pinholing problems with many 
ferrous alloys, however this is not of great significance 
with the copper-base alloys.

The catalyst component of furan no-bake systems is 
an acid mixture. Furan no-bake resins are usually pro­
prietary mixtures of acids and solvents, sometimes con­
taining color-code dyes. The two main classes of 
catalysts are: phosphoric-acid-based (a 75-85*70 concen­
tration of phosphoric and sulfuric acids in water), and 
sulfonic-acid-based (a solution of benzenesulfonic acid 
BSA; toluenesulfonic acid, TSA; or other sulfonic 
acids, usually in combination). Solvents for these acids 
are water and methanol.

W ashed-and-dried silica sands (and zircon) are readily 
used with furan no-bake binders; olivine, however, due 
to  its alkaline nature, cannot be recommended. Binder 
requirements are increased with the fineness or angular­
ity of the sand, as well as by the presence of fines or 
clays.

Mixing is readily accomplished with all the common 
types o f equipment, however batch mixing is not nor­
mally recommended for sand formulations having short 
working times. Since the hardening process begins as 
soon as the binder is added to  the catalyst-coated sand 
and is continuous and irreversible, it is im portant that 
prepared sand mixtures be used as rapidly as possible. 
Continuous mixers placed immediately adjacent to the 
molding station are advisable. The average level o f resin 
binder required is approximately 1% (based on sand 
weight), and may vary from  0.8 to 1.4% depending on 
sand characteristics, mixing equipment, and property 
requirements. Catalyst levels are usually between 15% 
and 45 % of the weight of resin present in the mix, and 
are  varied to control the cure rate. Sand tem perature has 
a  significant effect on cure rate and should ideally be 
held between 70 and 80F (21 and 27C). Where sand tem­
perature control is a problem the binder supplier should 
be consulted.
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In using self-hardening sand mixtures, working time 
and strip time are both a measure of the cure rate. Strip 
time is the duration between mixing and removal of the 
cured sand from the pattern or core box. Working time 
is the allowable delay between mixing and utilization of 
the mixture. The working time for fur an no-bakes is 
usually about 50% of the strip time. Strip time can be 
anywhere from less than one minute to several hours, 
depending on the kind and amount of catalyst used and 
the sand temperature. This system can tolerate the 
presence o f some moisture; curing, in fact, generates 
small amounts o f water within the mold or core. The 
presence of excessive moisture in the mix will prolong 
the curing time.

Phenolic no-bake (acid-cured) systems are likewise 
composed of a liquid resin binder and a liquid catalyst. 
Unlike the furans, the phenolic resins contain water in 
amounts ranging from about 8% to 25%. Higher water 
levels result in lower cure rates and lower tensile 
strength. The principal type of catalyst used with the 
phenolic no-bake system is a mixture of sulfonic acids 
(BSA, TSA and others)". Small amounts of sulfuric acid 
are sometimes also added to these acid mixtures to ac­
celerate curing. Unlike the furan no-bakes, phenolic no- 
bakes should not be catalyzed with phosphoric acid 
since this results in slow curing and low properties.

Typical mixtures with phenolic no-bakes consist of 
about 1.5% resin (±  0.5%) and catalyst levels ranging 
from 20 to 45% of the weight of resin added. Recom­
mended procedures for mixing and use, as well as con­
trol of cure rates and properties are essentially the same 
as discussed for furan no-bakes. In general, the strength 
of sands bonded with phenolic no-bakes is somewhat 
lower than for the furan no-bakes.

Urethane no-bake systems are of two different types: 
alkyd oil urethanes and phenolic urethanes.

Alkyd oil urethane binders are available precatalyzed 
for a predetermined w ork/strip time as a two-com­
ponent system, or as a three-component system; this 
provides flexibility through on-site cure speed adjust­
ment by catalyst metering. In either version, the 
w ork/strip time ratio is approximately 1:2; that is, a 
sand mixture with a 25-minute work time can, in most 
cases, be stripped in 50 to 60 minutes. While product 
names and designations vary from one supplier to 
another, the alkyd (oil) component is often referred to 
as Part A, Part I, or some other primary designation. 
This first component constitutes the bulk of the resin 
used, and will be referred to in the further discussion of 
this system as P art A. The polymeric isocyanate compo­
nent is, again, variously named, and is normally used at 
levels of 20% (based on Part A). In further references, 
this isocyanate component will be designated as Part C. 
The third component (if purchased separately), the cat­
alyst, is used at levels of from 1% to 10% based on Part 
A, and contains metallic driers that act as urethane 
catalysts. This component will be referred to as Part B.

When all three component parts are mixed with the 
sand, two reactions take place. First, the polyisocyanate 
(Part C) crosslinks with the oil-modified alkyd (Part A) 
to produce a urethane bond with sufficient strength to 
permit stripping and handling. This stage does not re­
quire oxygen or removal of reaction products such as 
water. The second stage of the curing reaction requires 
oxygen for the further polymerization of the alkyd 
resin. Because this stage is oxygen-dependent, section 
size and foundry conditions can affect the curing time. 
The metallic driers assist the oxygenation reaction as 
well as the isocyanate reaction, thus controlling the 
overall cure rate of the alkyd (oil) urethane system. The 
oil-modified alkyd resin (Part A) contains the hydroxyl 
groups. The percentage of Part A used in a typical sand 
mixture is 1.5% (based on the weight of the sand), 
though this may vary ±0.5%  depending on sand type, 
sand purity, and casting requirements. An increase or 
decrease in Part A will correlate directly with the 
ultimate strengths the system will develop, if Parts B 
and C are kept in the same relative proportions to  Part 
A. Part B (the catalyst) contains metallic driers which 
determine the speed of the reaction as well as the overall 
curing characteristics of the system. Amines up to  2% 
are added to the metallic driers when fast strip times are 
required. An increase in Part B will increase the speed of 
the reaction, thus decreasing the work time. The faster 
the alkyd (oil) urethane resin system selected, the higher 
the early tensile strength.

The use of a metering pump is recommended for con­
trol in varying the catalyst (Part B) when small flows are 
required (under 0.5% based on weight of the sand). If a 
metering pump is used, the catalyst should be pumped 
into the Part A resin line just before entering the mixing 
chamber. This will allow the catalyst to become dis­
persed in the alkyd (oil) resin and thus will not result in 
soft spots in the mold or core. In many instances, Parts 
A and B are used premixed, thus eliminating pumping 
problems associated with the small amounts of P art B 
required. This premix particularly can be used when 
sand temperatures can be maintained at a constant tem­
perature. The percentage of Part B in the premix may be 
often adjusted to compensate for varying in-plant tem­
peratures.

Part C is the polyisocyanate component which co- 
reacts with the resin, Part A, and should not be con­
sidered a catalyst because it undergoes a chemical 
change to form the urethane polymer, and a specific 
quantity is needed to obtain desirable curing character­
istics. If less than this quantity is used, the curing rate as 
well as the ultimate tensile strength will be impaired. 
Too large a quantity of Part C containing 10% nitrogen 
will increase the possibility of gas defects due to 
unreacted nitrogen complexes. The recommended 
am ount of Part C is between 18% and 20% (based on 
P art A), to account for mixing deficiency, moisture in 
the sand and typical foundry variables. P art C, par­
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ticularly sensitive to moisture, hardens after prolonged 
exposure forming a skin at the air contact surface. 
Tightly closed containers, moisture absorbers, and 
nitrogen blankets are commonly used to keep moisture 
out of Part C.

In a typical sand mixture of 1.5% Part A (based on 
weight of sand), 6% Part B (based on weight of Part A), 
and 20% Part C (based on weight Part A), the cured 
core will contain 0.03% nitrogen based on sand weight. 
Although alkyd (oil) urethanes contain nitrogen, the 
cured system structure does not evolve decomposition 
products of nitrogen as readily as do urea-containing 
binder systems.

Mixing efficiency is extremely important in develop­
ment of the optimum cure strength of the binder system. 
The viscosity of the various liquid components should 
be closely monitored. Changes in viscosity can affect 
pump delivery, mixing efficiency, and ultimate core den­
sity and core quality. The variables negatively affecting 
this system’s performance are:

• High sand temperatures (heat speeds up the reac­
tion and reduces the bench life of the mixture)

• High humidity (moisture reacts with Part C 
decreasing flowability of the mixture)

• High acid-demand value (ADV) of the base sand 
(alkaline impurities speed up the reaction)

• Aeration of the sand mixture (solvents evaporate, 
thus decreasing the flowability of the mixture)

Alkyd-oil urethane systems are generally less sensitive 
to sand types than are other no-bake binder systems 
because of the nature of the curing reaction. Silica sands 
and specialty sands such as olivine and zircon are com­
patible with alkyd-oil urethane binders. For optimum 
performance, the following recommendations are of­
fered for sand selection:

• A rounded grain shape provides the best properties 
for a given resin level (tensile strength, scratch 
hardness, flowability, and density).

• Sand fineness between 45 and 75 AFS gfn are 
preferred. Finer sands increase binder requirements 
and decrease flowability.

• Strongly acidic sands retard cure rate while alkaline 
sands accelerate the rate.

• The lower the moisture, the faster the cure 
rate—and vice versa. Water contamination of the 
binder is significantly more detrimental to initial 
cure than is water contributed by moist sand.

Other variables which will significantly affect the 
properties and productivity of the alkyd (oil) urethane 
systems are:

• Combustibles—The loss-on-ignition (LOI) should 
be maintained below 2% maximum. Excessive LOI 
results in higher binder levels, reduced flowability, 
and may be correlated with casting defects.

• Temperature—The alkyd-oil urethane reaction is 
exothermic, thus any increase or decrease in sand 
temperature will affect the cure rate. For rapid cure 
rates at minimal catalyst levels, select a sand 
temperature between 80-90F (27-32C) and main­
tain this temperature within ± 5F (3C) for 
reproducible cure rates. Approximately a 1°F 
(0.5 °C) change in temperature increases or de­
creases the strip time by 1 minute.

• Segregation—Segregation of the grain sizes of sand 
during handling and storage affect the tensile 
strength, flowability, and casting quality at a given 
binder level.

• Additives—For most applications, additions o f 
1.5% -2%  red or black foundry-grade iron oxide 
will improve the hot- strength and minimize surface 
porosity as well as excessive lustrous carbon 
deposits. Pouring temperature of the metal, gating 
practice, binder level, pouring time, and base-sand 
type all influence the formation of lustrous carbon.

• Effect of Baking—Oven-baking o f alkyd-oil 
u re thane bonded co re /m o ld s  at 300-400F 
(149-204C) from 2 to 24 hours (depending on 
casting size) promotes further crosslinking of the 
binder system resulting in higher tensile strengths, 
improved erosion and hot-strength properties, 
while minimizing the volatiles in the sand mixture. 
Baking at temperatures above 400F (204C) is 
detrimental and should be avoided.

Phenolic urethane no-bake (PUNB) binders are 
systems capable o f producing strippable cores or molds 
within 1 to 15 minutes of pattern or corebox filling. 
Phenolic urethane no-bakes are three-part binder 
systems. Part I is a phenolic resin blended with solvents. 
Part II is a blend of polymeric methylene diisocyanate 
and solvents. The catalysts are various blends of 
pyridine derivatives and solvents. The unique feature of 
PU NB’s is the curing reaction. Basically, there is a delay 
in the curing reaction after the three commponents are 
mixed with the sand. This is the work time o f the mix­
ture. This delay enables the sand mixture to remain free- 
flowing until the curing reaction begins. Work time can 
be as high as 75% of the strip time. Once the reaction 
starts, it is extremely rapid and thorough. Because this 
crosslinking reaction involves no side products, the cur­
ing rate is constant throughout the entire sand mass. 
The center of the core cures at the same time the edges 
do, and the same strength is developed in the core and at 

. the edges. There is no prolonged plastic stage during the 
cure nor are there soft spots after the cure is completed. 
Two-thirds of the system’s ultimate strength is attained 
after approximately 4 hours, and ultimate strengths are 
achieved at 6 to 12 hours after stripping. Since the cur­
ing reaction occurs so rapidly, high production rates and 
rapid equipment turnover is possible. The cure speed of 
a particular sand/resin mixture is dependent on: the per­
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cent of catalyst; the catalyst type; and the sand temper­
ature, ADV, and moisture content.

The total binder level for PUNB’s is based on the 
weight of the sand and is usually in the range of 
0.7-2.0% . If the castings to be poured are sensitive to 
gas defects, then the normal Part I to Part II ratio of 
50/50 should be shifted to 60/40. This should be 
discussed with the binder supplier. It is generally recom­
mended that equal amounts of Part I and Part II be 
added to the sand to reach the binder level desired. 
Catalyst usage is generally 0.5-10.0% of the weight of 
Part I depending on the strip time desired, the type of 
base sand, the sand temperature, and the type of 
catalyst being used. Recommendations for obtaining 
optimum performance properties with PUNB resin 
systems are:

• Sand Selection—Round-grain silica sands yield op­
timum performance properties. Specialty sands in­
cluding zircon sands and chromite sands are com­
patible with PUNB’s, as are most subangular lake 
and bank sands;. Acid impurities tend to slow the 
curing, while basic contamination may speed up the 
cure.

• Sand Fineness—AFS gfn of 50 to 80 is recom­
mended with a minimum of fines (material on the 
U. S. sieve numbers 200, 270, and PAN). Poor 
sand reclamation or sand segregation can result in 
excessive fines and the need for more binder 
because of the increased sand surface area.

• Sand Moisture—Less than 0.25% moisture content 
is recommended. Moisture levels above this will 
result in slower cure rates and lower strengths.

• Sand Temperature—While the ideal sand tem­
perature for PUNB’s is 80-90F (27-32C), sand as 
cool as 60F (16C) or as warm as 100F (38C) is 
usable. The main concern should be the mainten­
ance of a consistent sand temperature not varying 
more than ± 5F ( ± 3C). When such a condition ex­
ists, cure speeds are consistent and predictable, and 
the need to adjust catalyst levels during core/m old 
production will be minimized. If sand heaters and 
coolers are needed to maintain this temperature 
range, then they are strongly recommended.

• Sand Additives—The use of 1.5-2% foundry-grade 
red or black iron oxide may be required for 
optimum casting finish resulting from improved 
hot-compression strength and the elimination or 
reduction of surface porosity and lustrous carbon 
casting defects.

The PUNB resin system can be mixed in most foun­
dry batch mullers, auger-type continuous mixers, and 
the newer generation of high-speed intensive mixers. 
Part I and the appropriate catalyst are added to the sand 
first. Because of the small amount of catalyst used, it is 
recommended that the catalyst be preblended with Part

I prior to addition to the sand. This will ensure that the 
catalyst is efficiently distributed and that the binder 
system will perform in an optimum manner. Zero-reten- 
tion continuous mixers are ideal for the PUNB system 
as are conventional batch mixers, provided that only the 
amount o f mixed sand that can be used before the work 
time expires is prepared at a given time.

Mixing time for batch mixers are best determined at 
the point of use. Overmixing of sand and resin may 
result in lower tensile strengths due to partial curing of 
the mixture. Undermixing may result in poor distribu­
tion and lower tensile strengths. Properly mixed sand 
will discharge from a muller as a free-flowing mass that 
can be distributed and compacted easily since essentially 
no green strength exists. When continuous mixing is 
employed, gear pumps accurate to + 2%  are recom­
mended to pump the two binder components I and II. 
The pre-blending of Part I and catalyst is conveniently 
accomplished by mating the catalyst pump exit hose to 
the Part I hose immediately upstream from its point of 
discharge into the sand. P art I and catalyst should be 
added to the sand prior to Part II. However the mixing 
is accomplished, calibration and maintenance o f the 
mixing equipment (mixer blades, sand flow controls, 
pumps) is essential to a smoothly operating no-bake 
system. Weighing and pumping devices should be 
checked for accuracy at least once per shift. Part I, Part 
II, catalyst, and sand delivery rates should be calibrated 
to conform to a predetermined process control plan.

Vapor-Cured Systems
Vapor-cured (cold box) systems are hybrids since the 
process is based on chemistry which is similar to the 
acid-catalyzed urethane resin system already discussed. 
When mixed with sand and either rammed or blown into 
a mold or core box, these binders are cured by introduc­
ing into the sand a vaporized liquid or gaseous catalyst 
at room temperature. No external heat is required. Cur­
rently, there are two gas-cured organic binder systems 
widely in use: the phenolic urethane-amine system and 
the fu ran-S 02 system.

The phenolic urethane-amine system  has experienced 
phenomenal growth. Similar to the phenolic urethane 
no-bake process, the cold-box version consists of a 
three-part resin system: phenolic resin, isocyanate, and 
amine catalyst. This resin components are typically used 
in proportions varying from 1% to 2%. The most com­
mon catalysts currently in use are triethylamine (TEA) 
and diethylamine (DMEA). These low-boiling-point 
amines are vaporized in a carrier gas and introduced to 
the sand mixture to achieve an almost instantaneous 
cure. Since liquid amines are flammable, inert carrier 
gases such as nitrogen and carbon dioxide are normally 
used to minimize fire or explosion hazards. Typical cure 
rate values range from 2 lbs of sand per second to 10 lbs 
per second. The final step in the curing process involves 
the use o f a high-pressure air purge to distribute the 
amine to all portions of the core box and ultimately
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flush residual amine vapors from the core cavity. These 
vapors are collected from the sealed core box and ex­
hausted into an acid-bath chemical scrubber where they 
are neutralized. Sand chemistry, temperature, and 
moisture levels have a significant effect on the system’s 
bench life. Basic sands, such as lake and bank sand, 
contain alkaline impurities which decrease the bench life 
of the system. On the other hand, neutral sands nor­
mally have a bench life in excess of three hours. High 
temperatures result in solvent evaporation, which 
lowers bench life and may result in friable core surfaces. 
A usable sand-temperature working range is 50 to 100F 
(10 to 37.8C). High moisture levels in the sand also 
result in decreased bench life and ultimate strengths. In 
addition to reacting with the isocyanate, moisture de­
creases the adhesion between the resin film and the sand 
grain causing a poor bond. Moisture levels up to 0.2% 
can be tolerated but should be maintained at minimal 
values.

The furan-SO t system  is basically a gas-curing furan 
system which, insteadoFusing a liquid catalyst, relies on 
the passage of S 0 2 gas through the uncured sand mix in 
the presence of an oxidizing agent (in this case organic 
peroxide) to create the acid. This produces an instantly- 
cured core or mold exhibiting all the characteristics of a 
conventional furan no-bake system.

The S 0 2 process is comprised of five components: 
sand, resin, adhesion promoter, organic peroxide, and 
the S 0 2 gas. Any high-purity silica sand with a moisture 
content below 0.3% , a low acid demand value (ADV), 
and suitable grain size and distribution (the same as 
used with conventional furan no-bakes) is suitable. 
Chromite sand and zircon sand can also be used. Resins 
currently used are nitrogen-free furan polymer types 
with a low monomeric furfuryl alcohol content. These 
resins have been specifically formulated for use with the 
S 0 2 process and addition rates vary from 0.7% to 1.5% 
depending on application and quality of the sand. 
Although furan or phenolic resin binders have been 
used with the S 0 2 system, the greatest use has been with 
the furan resin binders.

The adhesion prom oter (silane) is used to improve the 
bonding of the resin to the sand grains, and can be 
added directly to the resin during manufacture or as a 
separate additive at the mixer. When added at the mixer, 
an extender is used to aid the pump metering. The solu­
tion is usually 90 parts solvent to 10 parts adhesion pro­
moter. Addition rates vary between 3% to 10% of the 
binder weight, again dependent upon the application 
and sand quality.

The organic peroxide is usually methyl-ethyl-ketone 
peroxide, referred to as MEKP. This is a 50% solution 
phlegmatised with dimethyl phthalate. Addition rates 
vary normally between 25% to 50% of the binder 
weight.

Sulfur dioxide (S 0 2) is supplied in cylinders as a li­
quified gas when at a pressure o f 35 lbs per square inch

at 77F (25C). Gas displacement from the cylinder is by 
either nitrogen or dry air. Once heated, the liquid sulfur 
dioxide takes the form of a gas. Consumption will nor­
mally be under 4 kg per ton of cured sand. The blown 
and purged air must be free of oil and water, and the 
best results are obtained by using a heated purge air. 
Typical temperatures are 95F (35C) and commercial air 
heaters are available for this purpose.

Sand mixing can be accomplished either in the batch 
mullers or continuous mixers. The resin, adhesion pro­
moter, and peroxide are added to the sand and mixed. 
At this stage, the mixed sand has a very long bench life 
and will only cure when the S 0 2 gas is introduced. Cur­
ing is then instantaneous with very high tensile strengths 
being obtained.

Sand chemistry has a significant effect on the curing 
rate and quality of S 0 2 process cores. Sands which are 
basic in nature, such as lake sands, inhibit the acid reac­
tion of the process. Use of these sands generally results 
in longer cure times and extremely low tensile strengths. 
High-purity silica sands are generally recommended for 
this process. Sand temperature is a critical aspect for 
producing high-quality cores. Temperatures of 86-95F 
(30-35C) are recommended since they promote rapid 
water evaporation (to assure fast cure rates) and im­
prove resin reactivity. It is very common to use heated 
purge air to aid in core curing. Similar to furan no- 
bakes, the resin is slightly tolerant of low sand-moisture 
levels. These levels should be maintained at a minimum 
to promote good core curing and tensile strengths.

As with the other binder systems previously men­
tioned, the methods used for producing cores or molds 
are blowing, jolt/squeeze, hand ramming, or mechan­
ical vibration. For high production rates, blowing is 
commonly practiced with curing taking place within the 
automatic cycle of the machine. Generally, any machine 
designed for use with a gas-curing cold-box system can 
be used. Where manual core blowers are employed, 
these machines can either be converted to cure the cores 
within the machine or the filled core boxes can be gassed 
in a conventional curing chamber. Where jolt/squeeze, 
hand-ramming, or mechanical vibration methods are 
employed, the filled core or mold is normally placed in a 
suitably sized chamber for curing. To obtain the most 
cost-effective operation, it is most im portant to have 
good sealing. Correct sealing ensures the optimum cur­
ing of the m old/core and also prevents excessive use of 
the S 0 2 gas, thus extending the life o f the solution 
within the scrubbing unit. As with any gas-cured cold- 
box system, the S 0 2 processes are dependent on the 
ability of the curing gas to reach every area of the core 
or mold and then be purged clean in as short a time as 
possible. To produce a positive pressure within the cav­
ity, the venting area must be sufficiently smaller than the 
gas inlet area.

Although vent areas and pressure drops are im por­
tant, they can only work if the vent placements within
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the core or mold cavity are correct. To prevent gas 
“ bypass” and uncured areas within an otherwise well- 
cured core or mold, vents should be placed in the deep­
est areas of the core or flask and as far away as possible 
from the gas inlet, as is true for any gas-cured system. 
Excess S 0 2 is disposed of by using an air purge and 
discharging it into a chemical scrubbing unit. Due to the 
toxic nature of this gas, the system must be closed to 
prevent leakage into the working environment.

Mixing and Foundry Use of No-Bake Sands
There are several types of mixers used with no-bake 
binder systems. The best mixer to use for a particular 
operation depends on the binder used and the sand 
volume required. The batch mixer, used by the foundry 
industry for many years, is normally used to mix sand 
with binders that have long working times or are slow 
curing. The auger or screw-type continuous mixer is 
another commonly used piece of equipment. With this 
type of mixer, catalyst and binder are added to the sand 
as it is screwed along the trough and mixed together. 
However, continuous'Tnixers o f this type have a ten­
dency to waste a considerable amount of coated and raw 
sand since, unless it is used within a reasonable length of 
time, the sand in the mixing trough must be discarded. 
Another type o f mixer is the high-speed continuous 
and /or batch mixer. This mixer usually has single or 
multiple mixing chambers of short length with very high 
throughput of sand and a low level of sand waste. Im­
proved ease of maintenance is one of its main advan­
tages. Zero-retention continuous mixers are ideal for 
no-bake systems since the mixed sand is available at the 
push of a button and minimal amounts of sand remain 
in the mixer at the end of a mixing cycle. The size of the 
mixer required will depend on the size of the pattern or 
core box to be filled and the amount of time available 
for filling.

An im portant part of the mixing facility is the meter­
ing system which is used to control the additions of 
various components to the mixer. It is essential that the 
structural materials of the metering devices be accurate, 
reliable, and compatible with the components of the no- 
bake system. Gear pumps with an accuracy within ±2%  
are recommended for handling liquid resin components. 
This type of pump provides a constant rate of delivery, 
whereas the pulsation in delivery rate associated with 
positive displacement pumps makes them less suitable. 
Positive displacement pumps should be equipped with a 
surge chamber if used. To ensure that all systems are 
functioning properly at the mixer, routine calibrations 
should be made at the beginning of each shift. The 
delivery rates of the sand binders, catalysts and any 
special additives should be checked to verify that they 
are as intended.

The production of molds and large cores using the no- 
bake sand binders is facilitated by the fact that the sand 
mixtures are highly flowable and thus do not require a

high level of molding- or coremaking-skill for their use. 
One should not lose sight o f the fact, however, that 
high, uniform mold and core densities are most essential 
to the production of good castings. Such conditions are 
not attained by merely dumping the sand mix into a 
flask or core box. The following points should be care­
fully noted:

• No-bake sand must be used and compacted im­
mediately upon mixing, before any real hardening 
commences. Hardening starts as soon as the binder 
contacts the catalyst in the sand mixture; then, the 
viscosity of the binder film gradually increases and 
hardening begins. Both the viscosity and the curing 
action greatly affect the flowability o f the sand 
mixture.

• The curing reaction is temperature-sensitive; sand 
which is above 104F (40C) will hasten pre-curing, 
quickly reducing sand flowability. The sand should 
be maintained at a uniform temperature, prefer­
ably between 77 and 95F (25 and 35C).

• When making larger molds or cores, high-output 
mixers are essential in order to prevent undue pre­
curing of the sand mixture before the moldmaking 
or coremaking operation is completed.

• With larger molds and cores it is essential that the 
sand, particularly near the mold or core surfaces, be 
compacted by tucking or tamping it into position.

• Vibration compaction is a good method o f con­
solidating no-bake sands and is most applicable to 
the manufacture of smaller molds and cores. It is 
essential that the vibration take place for an op­
timum amount of time, without overloading the vi­
brating table. Over-vibration is detrimental and can 
cause ram -off problems. A more satisfactory prac­
tice, however, is to hand tuck the sand at critical 
areas and at the mold-metal interface, and then 
vibrate during the filling of the core box or flask.

• Oily-type binders (alkyd resin oil-isocyanate) and 
low-viscosity binders generally provide more flow- 
able sand mixtures than sands bonded with more 
viscous binders such as furan-type binders. Any ad­
ditions that provide green strength reduce the 
flowability of the mixture and should be as small as 
possible.

• Hardness tests (indentation or scratch) will not 
determine the degree of compaction of no-bake 
sands. The only simple method available is to  deter­
mine the permeability of the surface of the mold or 
core by means of a portable permeability tester. All 
compacted sands show a decrease in permeability 
with increase in bulk density.

Foundry Control Tests of No-Bake Sands

The various tests used for chemically-bonded sands are 
primarily for evaluating and monitoring process para­

37



meters. They may also be used for trouble-shooting. 
These control tests include the following:

Mixer Calibration. Though not normally considered a 
sand test, mixer calibration is the most im portant con­
trol test performed with chemically bonded sands. This 
test first establishes the exact sand flow from the mixer; 
it is this flow rate upon which binder and catalyst per­
centage calculations are established. On large mixers, 
this rate is usually checked by placing a floor scale with 
a large container underneath the mixer. Sand is then 
discharged into the container for a prescribed amount 
of time and weighed. Normally, this is repeated several 
times to ensure correct flow rates. Although time- 
consuming and perhaps awkward, this test is extremely 
im portant. Once the flow rate has been established, the 
binder and catalyst pumps are then calibrated for the 
correct amounts. I f  possible, samples are taken from the 
resin discharge ports in the mixer. If  this is not possible, 
they should be taken from a calibration port which is of 
the same configuration as the discharge port. This is 
repeated until the samples procured are of the correct 
calculated weight. "Mixer calibrations should be run at 
the start of each shift to ensure that the correct percen­
tages of sand and binder are being used.

Tensile Strength. Measurements of the tensile strength 
o f the sand mixture should be made periodically 
throughout the day; the frequency of the testing 
depends on the process and binder system being used. 
The purpose of this test is to check for consistency of 
the sand mix in order to note any trends which might 
signal a potential production problem. For the test to be 
effective it is necessary to develop a correlation between 
tensile strength and core quality.

Work-time/Strip-time. The test for work-time and 
strip-time can be very useful in a no-bake operation. 
This test need only be performed infrequently, unless a 
m ajor change in the system should occur. Tests for 
determining work-time or strip-time are usually run in a 
series in order to develop charts or data which relate 
these values to catalyst level. In this manner it is possible 
to regulate the catalyst pump on the mixer to provide 
the desired working properties for each job, thereby in­
creasing productivity and avoiding the use of sand 
which has surpassed its work-time. Similar tests can be 
used with vapor-cured (cold box) sand mixes to docu­
ment the deterioration of the sand-resin mix with time. 
In this case, the allowable delay time is referred to as 
bench life as opposed to work-time.

Sand Temperature. Chemically-bonded sands are ex­
tremely sensitive to  temperature. A general rule-of- 
thumb is that for every 15 °F (9.4 °C) decrease in sand 
temperature, the reaction time o f the binder is doubled. 
Thus, if a consistent operation is desired, sand temper­
atures must be consistent. Operators should know what 
the temperature is so that corrections can be made to 
compensate for any possible temperature changes.

Temperatures can be monitored by probes in the surge 
hoppers before the sand mixers, or by the use of an ac­
curate thermometer placed in sand which has been 
discharged from the mixer.

Grain Fineness. AFS gfn tests should be performed 
periodically to check the screen distribution and 
especially the fines content of the sand at the mixer. This 
is an im portant test, as an increase in fines can cause 
drastic decreases in the strength of cores and molds. It is 
best to make this test at the mixer since sand transporta­
tion systems and storage silo configurations can change 
the fineness value significantly.

Moisture. Moisture in the base sand can cause re­
duced strengths or retard the cure in chemically bonded 
sands due to the water reacting with the binders. A 
lowering of flowability and the degradation of the bond 
between sand grains occurs due to the moisture film. 
Moisture levels above 0.25% should be avoided. The 
moisture test can be performed with the same frequency 
as the fineness test. This will indicate if a moisture prob­
lem is developing in the sand, either from high-moisture 
contents in the delivered sand or from leaks in the sand 
silos. This test is also helpful in troubleshooting when 
the cause of low-strength cores or molds is not readily 
apparent.

A cid  Demand Value (ADV). Testing the ADV of the 
base sand can be helpful in several areas. Fligh-ADV 
sands retard the cure of acid-cured systems. This can 
result in poor strengths or no cure. It can also contribute 
to the acceleration of the cure rate in basic catalyzed 
systems to a point where the sand is cured before it can 
be used. The ADY test can also be used to monitor acid 
buildups in acid-cured reclaimed sands and to check for 
influxes of basic contaminants into the sand.

Loss-On-Ignition (LOI). The LOI test reveals the 
amount of combustible material in the sand. High levels 
of combustibles in the base sand can affect both cure 
rate and strength. The test is most im portant for 
monitoring the efficiencies of sand reclamation systems. 
LOI values above 2% can lead to problems with sand 
properties and may cause gas defects in castings.

The consistency and uniformity of production using 
chemically bonded sand technology is dependent upon 
narrow control parameters. The effects of upsetting the 
fine balance necessary when dealing with the interacting 
chemicals, variations in the ADY of the base sand, and 
minute amounts of moisture in the base sand, should 
serve to emphasize the need for strict in-process controls 
a n d  a testing program tailored to the specific process 
a n d  production requirements of each operation.

Inorganic Binders
The principal types of inorganic binders (other than 
clay) are: silicates, phosphates, and cement (as listed in 
Fig. 3-9). Cement has already been discussed under 
“ Cement-Bonded Sand M olds.’’
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. Phosphate binder systems consist of liquid mixtures 
of alumino-phosphate and phosphoric acids which are 
hardened by reacting with an addition of magnesium 
oxide. This inorganic no-bake system has found rela­
tively little use in copper-base alloy foundries.

Silicates have been used as mold and core binder 
materials since the early 1950’s, principally in the form 
of the well-known C 0 2-silicate (vapor-cure) system. No- 
bake silicate binder systems, utilizing organic esters, fer- 
rosilicon, or calcium silicate slag materials as hardeners 
have found im portant application in moldmaking for 
heavy ferrous castings. The following deals only with 
the C 0 2-silicate system as a coremaking application 
which finds use in copper-base alloy foundries.

The C 0 2-silicate system consists of liquid sodium 
silicate and C 0 2 gas. Typical silicate binders are 
odorless, non-flammable, and suitable for use with all 
types of aggregates in the production of both molds and 
cores. They produce no noxious gases and a minimum 
of emissions during pouring, cooling, or at shakeout.

Properties of the silicates vary according to the silica 
(S i02)-soda(NaO) ratio of the sodium silicate base that 
is used to formulate the binder. Considerable care must 
be used when gassing with C 0 2 since overgassing and 
undergassing adversely affect the properties of the cured 
binder system. Liquid sodium silicates are commercially 
available with varying proportions of silica and sodium 
oxide and with wide ranges of viscosities. The most 
commonly used silicates are those having viscosities be­
tween 48 and 52 Baume (Be.) and a silica-to-soda ratio 
(S i02:Na20 ) between 2.0 and 2.6. By controlling this 
ratio and the water content, it is possible to make 
various grades of sodium silicate having a wide range of 
chemical and physical properties. Control of the gassing 
operation becomes critical when the higher ratio binders 
are used. Shorter gassing times are needed to harden the 
higher ratio binders. These materials are easily over­
gassed, resulting in molds and cores with a shortened 
shelf life.

Continuous mixers or batch mixers can be used with 
sodium silicates, which can be metered through pumps. 
Overmixing should be avoided as this may reduce the 
work time (bench life) of a sand mixture. Mixtures nor­
mally have a good bench life which becomes shorter 
when higher-ratio silicates are used. Hoppers of mixed 
sand should be covered with plastic sheets or damp 
sacking to prevent premature hardening (crusting).

The amount of silicate binder used for cores and molds 
varies from 3% to 6% depending on the type of sand, 
grain fineness, and degree of sand contaminants. The 
type of metal poured, the metal temperature, and the 
amount of erosion resistance the core or mold will have to 
withstand are additional factors. A washed-and-dried, 
rounded, silica sand grain (AFS gfn 55) requires approx­
imately 2.5 to 3% of binder. A finer sand (AFS gfn 
120-140) will require from 1.5 to 3% additional binder. In

determining the amount of binder for a specific job, it is 
recommended that test cores be prepared using an 
average amount of binder. The initial tensile strength of 
cores gassed for 5 seconds with C 0 2 varies from 37 to 45 
psi depending on the binder used. If this same gassed core 
is allowed to remain at room temperature for 24 hours, 
the strength increases to a maximum of 100-200 psi. This 
increase is due to some dehydration of unreacted silicates 
and the continued gelling of the silicate. Under normal 
conditions, cores will not deteriorate and can be stored 
for various periods of time. An exception may occur dur­
ing periods of high humidity when stored cores are unable 
to achieve maximum strength by dehydration after gas­
sing. Strength deterioration of sodium-silicate-bonded 
cores in high-humidity conditions is most prevalent when 
the binder formulation of the sand mixture contains 
organic additives such as sugars, starches, or car­
bohydrates; a short heating cycle is necessary to obtain 
the desired strength under these conditions. When a core 
is hardened by carefully controlled gassing and further 
hardened by dehydration and polymerization during the 
subsequent 24 hours, good strengths are maintained over 
a long period of storage. It is always advisable, with 
sodium -silicate-bonded/C02-hardened cores, to date the 
cores so that the oldest cores are used first.

Although using additives in the silicate mold and core 
mixtures cannot remedy poor formulations or faulty 
operations, there are many instances when the proper 
use of additives is necessary and vital to the success of 
the casting. One of the main reasons for using additives 
in sand mixtures is to improve shakeout or collapsibil- 
ity. Sugars are commonly used for this purpose and can 
be compounded with the silicate binder or added 
separately to a sand mixture. Improvements in shakeout 
may also be obtained by reducing the binder level or 
changing to a higher ratio silicate. Additives, used for 
the reasons listed below, must be used with caution as 
the bond strengths can be seriously lowered in many in­
stances. Additives have been recommended for:

• improving collapsibility

• controlling expansion

• preventing burn-on/burn-in and metal penetration

• improving green strength properties

• promoting peel of castings and improving casting 
finish

• aiding flowability of the sand mixture

• creating proper mold atmosphere

• preventing excessive drying out of the sand mixture

• preventing sticking of sand mixture to patterns and 
core boxes

When pouring copper-base metals in silicate-bonded 
sand, additives in general use include:

• iron oxide
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• plumbago

• polymers

Approximately 1 to 2 lbs o f C 0 2 (8.5 to 17 ft3 gas) are 
required for 100 lbs of silicate-coated sand. This figure 
can be used to estimate C 0 2 consumption in order to 
determine the capacity of the C 0 2 supply to be installed. 
A sufficient supply o f C 0 2 gas, plus a C 0 2 regulator, a 
flow timer, and a flow meter are necessary to successful­
ly use this process and achieve in-process uniformity. 
Gassing, which can be accomplished by any number of 
methods, requires apparatus such as probes, hoods, or 
cups. The following general rules apply to all gassing 
techniques:

• The more binder present in a mixture, the longer 
the gassing time required to develop the required 
strengths

• Longer gassing times at moderate gas flows and 
pressures give higher strengths than do shorter 
times at higher pressures

• The lower the silicate ratio, the more C 0 2 is re­
quired for gassing and the poorer the collapsibility

• The recommended C 0 2 gas pressure range is 20 to 
60 psi gauge pressure; for most applications, a 
pressure between 30 to 40 psig works the best.

• The hardening rate is temperature-sensitive and 
very slow below 50F (10C).

Production o f small cores and molds can be suc­
cessfully accomplished by combining core blowers or 
core shooters with automatically controlled gassing sta­
tions operating on predetermined cycles. High produc­
tion can be obtained by using two core boxes; while one 
core box is being gassed, the other can be filled. C 0 2 gas 
is injected through a hollow pattern or double-walled 
core box, through a hood covering the box, or via a 
mandrel in a core. Larger cores can be cured by means 
of lance pipes of approximately 3/16 in. diameter which 
are open at the lower end. Using a rod, holes are made 
approximately 6 in. apart. The lance is then inserted in­
to each hole successively and the gas applied for 10 to 15 
seconds at approximately 25 psig. The gas will permeate 
and cure a section of sand for approximately a 3 in. 
radius around the hole. Large cores and molds are easily 
gassed by using specially designed gasketed covers or 
hoods which fit over the flask or box. It is very impor­
tant to make sure that the gas will flow through all parts 
of the sand mass. This is accomplished by proper place­
ment of vents.

Core boxes and patterns may be made of wood, 
metal, or plastic and should be washed regularly to pre­
vent sticking problems caused by a build-up of sodium 
silicate. When using metal core box tooling, it is good 
practice to have liquid holding tanks available in which 
the tooling can be soaked overnight to ensure crust-free 
tooling for each day’s operation. This soaking treat­
ment will also materially improve the ease with which

the blow-vents may be cleaned. Slotted screen vents are 
very effective when using sodium silicate cor e-box tool­
ing, but are subject to extensive damage when being 
cleaned of the hardened and encrusted sand mixture.

REFRACTORY COATINGS FOR 

CHEMICALLY BONDED SANDS

Refractory coatings or washes are often necessary 0r 
desirable for chemically-bonded cores and molds jn 
order to improve surface finish and improve casting 
quality by minimizing reaction with the molten metal 
Such coating materials can be of many kinds, utilizing 
various filler (refractory) materials and liquid suspen­
sion materials. They also may be applied in a variety 0f 
ways including by brushing or swabbing, dipping, flow- 
coating, or spraying.

It is important to carefully match the coating material 
and suspension agent to the specific type of chemically, 
bonded sand it will be used with. If these are incompat­
ible, casting defects can occur. Binder suppliers should 
be contacted in questionable situations. A general 
authoritative reference for the selection of wash coating 
materials for all foundry applications is AFS’ Mold and 
Core Coatings Manual. A few of the more popular 
chemically-bonded sand systems are described below

1) Silicate Binders. Refractory coatings may f,e 
necessary on cores and molds made with silicate 
binders to prevent sand burn-in/burn-on, or pene­
tration. Alcohol-base or solvent-base refractories 
are normally used. Specially prepared pastes con­
taining graphite or zircon refractory are commer­
cially available; these may readily be diluted in the 
foundry with alcohol or solvent. The use of refrac­
tory coatings on silicate-bonded molds and cores 
not only promotes better casting peel, but also im­
proves collapsibility and aids in suppressing 
moisture absorption in storage during periods of 
high humidity. Water-base washes can be used if 
care is taken to dry the core or mold thoroughly 
immediately after coating. This procedure must be 
conducted carefully because of the softening effect 
of the water on the silicate bond.

2) Furan Binders. Most commercial core washes 
regardless of suspension agent, are compatible 
with furan no-bake binder systems. The wash may 
be applied in any manner; however, application 
should be made only on a surface that has been 
properly and thoroughly cured. If coatings are ap­
plied too soon after stripping, a friable surface 
results. Regardless of the coating suspension 
a g e n t , the wash should be thoroughly dried by ig­
n it io n ,  evaporation, or heating before the mold is 
closed and poured.
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Fig. 3-11. Flow diagram o f  a typical chemically-bonded 
m old/core sand reclamation system .

3) Phenolic Binders. Any suspension agent may be 
used with phenolic binders, as long as the mold or 
core is adequately cured before application is 
made the wash is thoroughly dried thereafter.

• The high disposal costs posed by the growing use of 
chemically-bonded sands for molds and cores.

• Rising costs of new sand and higher freight rates 
for delivery

• Increasing environmental restrictions on the mining 
of new sands

• Increasing environmental restrictions on the per­
missibility of solid waste disposal and its effects on 
the availability and cost of using approved landfill 
sites.

Strong economic incentives exist for the reclamation 
and reuse o f foundry sands, both as a means to offset 
higher material costs and to avoid the sometimes exorbi­
tant expenses of waste sand disposal.

Although the molding aggregate is indeed rejuvenated 
and restored to proper working condition, the recycling 
of green molding sand, as described previously, does not 
fall within the usual concept of reclamation. Reclama­
tion is normally applied to sand systems in which most, 
if not substantially all, of the sand binder material is 
removed from the grains. Although this does not pre­
clude use with clay-bonded sand systems, reclamation is 
more frequently used with chemically-bonded sands.

There are basically three commercial systems for sand 
reclamation: the dry method, the wet method, and the 
thermal method. Some systems may be comprised of 
more than one of these basic methods, depending on 
foundry requirements as dictated by the binder systems 
in use. Figure 3-11 is a flow chart for the reclamation of 
chemically bonded sands, showing procedures which are 
common to all systems.

Dry Reclamation

4) Phenolic Urethane No-Bake (PUNB) Binders. 
While nearly all types of coating materials may be 
used with the PUNB binders, when using water- 
base washes it is best to make the application im­
mediately after stripping and to dry it promptly. 
With either “ air-dry”  or “ lite-off” solvent-base 
coatings, the wash is often applied within 10 to 20 
minutes after stripping, followed by ignition of the 
solvent. There may be a temporary softening of 
the sand beneath the coating, without any ap­
parent permanent distortion. As with other binder 
systems, all wash coatings must be thoroughly 
dried before pouring.

SAND RECLAMATION

The increasing importance of sand reclamation is due to 
several factors:

After cores and molds are mechanically reduced to 
small lumps (by crushing, grinding, abrasive blasting, 
and so on), the sand is next subjected to a scrubbing 
operation which is designed to abrade away the adher­
ent layers of binder on the sand grains. Scrubbing is ac­
complished by either mechanical or pneumatic forces 
which create sand-to-metal and sand-grain to sand-grain 
impingements. Both scrubbing techniques work effi­
ciently with chemically-bonded resins, although the 
pneumatic system is somewhat more effective for clay 
removal.

For best efficiency, both scrubbing techniques require 
that the sand first be reduced to near-grain size and that 
metallics be removed to reduce wear. The scrubbing 
systems must be provided with dust collection equip­
ment for fines removal, particularly since the fines con­
tain a high proportion of the removed binder.
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Wet Reclamation

During wet reclamation, the thoroughly crushed shake­
out sand is subjected to mechanical scrubbing in the 
presence of water. The solvent action of the water is 
highly important here; thus, the wet reclamation system 
is not well-suited for sands which are bonded with in­
soluble organic resins. Clay-bonded molding sands re­
spond well to this, however, since the residual clay goes 
into suspension readily and is washed away. In spite of 
the relatively high water requirements of wet reclama­
tion and the increasingly severe EPA regulations per­
taining to waste water disposal, wet reclamation has 
been receiving renewed attention recently due to grow­
ing interest in the use of inorganic binders such as 
silicates. Silicates respond best to wet reclamation 
because of the need to reduce residual amounts of Na20  
to low levels. The use of electrolytic polymers to precipi­
tate salts below their saturation levels now makes the 
treatment and recirculation of the system water supply 
possible.

Thermal Reclamation

With thermal reclamation, organic binder materials are 
removed from thoroughly crushed sand by heating, to 
temperatures of 1400-1600F (760-871C). This may be 
done either in a rotary kiln, a multiple-hearth furnace, 
or in a fluidized bed system. Thermal reclamation often 
yields sand which is superior to the new sand entering 
the system. This is because the grains are not only free 
of residual binder but are also smoother and more 
rounded. Likewise, the quartz grains have become ther­
mally stabilized by the treatment. Thermal reclamation 
is not a new procedure, having been used for reprocess­
ing shell (phenolic resin) sands in a number of installa­
tions. Although the most expensive process to operate, 
thermal reclamation is the most efficient method for 
handling organic binders.

A. Metal poured into sleeve

C. Die separated and casting ejected

PRESSURE DIE CASTING 

Introduction

The pressure die casting process utilizes high-pressure 
injection of molten metal into steel dies to form the cast 
shape, which is then ejected and the process repeated. 
Highly automated die-casting machines are ideally 
suited for the mass production of small parts. Tech­
nological advances have been accompanied by a pro­
gressive increase in size capability. One of the inherent 
advantages of this process is that parts can be cast to 
close tolerances and require little or no machining other 
than simple die trimming to remove gates and flash.

The pressure die-casting process was invented by H. 
Doehler in 1905 and was first applied to low-melting- 
point alloys, particularly those of zinc. Here, the injec­
tion mechanism could be immersed directly in the metal

Fig. 3-12. C old  cham ber die casting

bath, as there was relatively little attack of the steel 
components by the alloys at the casting temperatures 
used. These were called “ hot chamber”  machines, and 
they continue to be used today for zinc alloys. For 
higher-melting-point metals, contact between the steel 
injection components and the molten metal had to be 
minimized. To accomplish this, measured quantities of 
molten metal were ladled into an injection cylinder and 
the “ shot” was made immediately thereafter (the “ cold 
chamber” machine).

Sequential steps of the cold-chamber process are 
shown schematically in Fig. 3-12; a typical casting is il­
lustrated in Fig. 3-13. A typical, multi-cavity die half, 
and the gate of castings produced from it, are shown in 
Fig. 3-14.
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Fig. 3-13. A  die-cast show er control valve showing the fix ed  and m oveable die sides o f  the casting.



Fig. 3-14. E jector die h a lf and the corresponding face  o f  the 
brass die casting. (N ote inserts in main die block to fo rm  
runner and cavities and ejector p la te  and pins raised.)

Die Casting Machines
Die casting machines consist essentially of a high- 
pressure hydraulic system, with attendant valves, cylin­
ders, accumulators and electrical servo-controls; a 
“ shot-end” which accepts molten metal in the shot 
sleeve, where a water-cooled plunger forces it into the 
die at high pressure; a stationary and a moving platen 
on which the two halves of the die are mounted; a die- 
locking mechanism which prevents the two halves of the

Fig. 3-15. Carefully p laced  air spaces in the seam s between  
the various die com ponents, plus external insulation, can be 
used to restrict and direct heat f lo w  paths through the die. 
Areas o f  heat concentration can be isolated by using inserts 
and cooling by a fo rced  cooling m edium such as water or 
air.

die from being forced apart under the high metal-injec- 
tion pressure. Im portant secondary systems include die 
heating or cooling, die lubrication, core actuators and 
casting ejection. The machines may be vertical or hori­
zontal, incorporating massive tie bars or frames to give 
strength and rigidity.

Machines are rated in terms of their die-clamping 
force, in tons. It is this clamping force, in conjunction 
with the available injection pressure and the projected 
area of the maximum die cavity, which limits the size of 
casting which can be produced. For copper-base alloys, 
machines ranging in capacity from 250 to 2500 tons are 
used. The larger machines are, o f course, more expen­
sive and operate at a slower cycle. Usually, the smallest 
machine capable of producing the casting will be the 
most economical.

Technical Operation
Heat Balance
With any process involving repetitive casting into the 
same die cavity it is essential to maintain a balance be­
tween the heat input from the metal (and die heating 
system) and that lost by radiation and the water-cooling 
o f the die or mounting platens. Otherwise, the relatively 
narrow temperature range over which the die will pro­
duce satisfactory castings cannot be maintained, and 
scrap losses will occur. Since both metal density and 
casting temperature are much higher for copper-base 
alloys than for those o f aluminum, it would be expected 
that more die cooling would be necessary. For copper- 
base alloys, however, the dies must operate at higher 
temperatures—typically about 500C (932F), and heat 
losses are correspondingly greater at these higher 
temperatures. In practice, therefore, less cooling is ac­
tually required when casting copper-base alloys. Indeed,
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Fig. 3-16. Jet f lo w  character o f  m olten brass die-casting 
alloy as a function  o f  f lo w  velocity and gate param eter D, 
and data obtained by  high-speed film ing o f  the molten m etal 
stream.

625 875 1125 1375 1625 1875 2125
S p e c i f i c  Metal Pressure ,  Kg/sq.cm

Fig. 3-17. These test results show  that increased static m etal 
pressure results in increased density. Even with a slow  f i l l  
rate o f  270 cc/sec, the m etal pressure had a significant 
effect.

in order to minimize heat loss from areas of thin sec­
tions remote from the gate, it is often necessary to 
utilize insulation and “ heat dam s.” The latter entail 
machining side clearances between the die insert and the 
die block itself, to form air gaps which act as barriers to 
conductive heat loss. Localized hot spots in the die cav­
ity may require selective cooling, utilizing principles of 
heat flow control shown in Fig. 3-15.

Metal Flow and Gating

Control o f metal flow by gating is especially im portant 
in pressure die casting. However, this is a complex sub­
ject and requirements will differ with each casting 
design. General principles will be covered here. Gating 
design also depends upon the m ajor requirements of the 
parts being cast (i.e. whether the casting is required to 
have optimum surface finish, as for plating, or if it is to 
have maximum strength and soundness).

Die castings can be produced by two gating and flow 
methods: maximum-friction or minimum-friction. With 
the minimum-friction method the die cavity is filled 
through large ingates with low ingate velocities and low 
pressures. In this way, virtually all air and gas is vented 
from the die cavity so as to prevent large gas holes from 
forming in the casting. Directional solidification is used, 
with freezing initiating at the casting extremities and 
progressing toward the ingate. The ingate acts as a riser 
and feeds the casting under the pressure being applied 
by the piston. This minimum-friction method is much 
more applicable to thick castings of simple shape. For 
this reason it is less frequently used than is the 
maximum-friction method.

The maximum-friction method, being unrestricted as 
to casting size, is more widely utilized for copper-base

alloys. This technique employs small ingate cross-sec­
tions, with high ingate velocity and high pressure at the 
end of the fill cycle. Small amounts of gas are entrapped 
as fine dispersions in the casting, being compressed by 
the high, final metal pressure. This entrapped gas re­
mains compressed during freezing, forcing the metal 
outward against the die wall and compensating for the 
solidification shrinkage o f the metal. In this method, 
metal friction may cause a small degree of heating, 
amounting to perhaps 7 to 9F (4 to 5C). Because o f the 
high velocity and short filling times involved with this 
method, die venting is a most im portant consideration 
here.

The influence of gate dimensions and ingate velocity 
of the metal stream on the form  of metal flow within the 
cavity are shown in Fig. 3-16.

With high injection rates it is apparent that much gas 
(air) will be entrained in the metal stream and entrapped 
within the casting unless precautions are taken. These 
precautions include the use of a shot cylinder of match­
ing size (molten metal volume should be at least 75 Vo 
that of the shot sleeve), streamlining of the gating 
system, programming of plunger speed and pressure 
and use o f adequate venting appropriately located 
within the die cavity. The influence of injection pressure 
and cavity fill rate on casting porosity is shown in Fig. 
3-17. For maximum soundness, casting pressures in ex­
cess of 26,000 psi (1800 kg/cm 2) are recommended.

Process Control
In recent years great progress has been made in the con­
trol of the die casting process by the installation of ther­
mocouples, pressure-transducers, and accelerometers 
on the machines. Likewise, refinements have been made 
in hydraulic systems to permit sequential control of shot
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Fig. 3-18. Typical Visicorder trace o f  velocity, pressure, and temperature measurements during the die casting o f  a brass alloy.

speed, injection pressure, etc. Packaged instrumenta­
tion can be purchased for measurement of the various 
operating parameters. Thus, once a new die is in suc­
cessful operation, a permanent record can be made of 
casting parameters and these can quickly be re-estab­
lished for any reruns. Figure 3-18 shows a typical 
Visicorder trace for a copper-base alloy casting made in 
a 400-ton cold chamber machine.

As with any casting process, die casting has a number 
of unique casting defects associated with it. For further 
information on these, the reader is referred to sources 
listed at the end o f this section.

Die Materials

Due to the relatively short life of die components, the 
selection of die and core materials has a considerable 
economic effect in the die casting o f copper-base alloys. 
Since the initiaPcost and subsequent maintenance of the 
die cavity parts are a considerable fraction of the overall 
cost of the process, extension o f die life to the maximum 
will greatly improve the competitive position of die 
casting as compared with other methods. Heat-checking 
and thermal-cracking (or fatigue) of the die surface tend 
to occur relatively early in the service life of dies and 
cores. Usually, because of the more severe heating and 
erosion conditions to which metal cores are subjected, 
they tend to fail somewhat sooner than the die itself. 
Molten metal entering the die cavity under high pressure 
will readily penetrate the fine surface cracks caused by 
heat-checking, and will solidify to form a network of 
projecting fins on the casting. For most applications

these fins are objectionable and must be removed—thus 
increasing the cost o f finishing. More importantly, the 
degree of cracking eventually becomes so severe that the 
casting can hardly be removed from the die. At some 
point, the die must either be reconditioned or replaced.

Aside from thermal fatigue, or cracking, other types 
of damage which may occur at the surface of dies and 
cores include mechanical erosion (or cavitation), chem­
ical attack, and soldering (welding). Mechanical erosion 
can occur either by wear or by cavitation. Mechanical 
erosion caused by wear is the result of friction and abra­
sion between the metal and the die. Cavitation is caused 
by the stresses induced in the surface of the die during 
the violent collapse of gas bubbles in the molten metal 
near the die surface. Chemical attack includes composi­
tional changes to the die surface due to decarburization, 
oxidation, or corrosion. Soldering is actually the weld­
ing, or adhesion of the molten metal to the die surface, 
resulting in pitting or cratering of the die. The principal 
purpose of using die lubricants is to avoid soldering, 
particularly at hot spots.

The high cost of machining die components tends to 
justify the use of more expensive materials, particularly 
as cores and die inserts. In recent years considerable ex­
perience has been gained with the use of refractory 
alloys which are resistant both to soldering and heat- 
checking. Table 3-2 gives the nominal composition of 
typical die insert materials, and Table 3-3 lists recom­
mended heat treatments. Different materials should be 
used for the various die components, as suggested in 
Table 3-4.
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Table 3-2. Composition o f  D ie M aterials 

STEELS

C Mn Si Cr Mo V  W Co Fe

H -13 . . . . ..............................  0 .40  0 .30 1.00 5 .00  1.35 1.00 -  -  Rem
H-19  ..............................   0 .40  -  _  4 .25 0 .40 2 .10  4 .25 4 .2 5  Rem
H-21 ..................................     0 .40 0 .30 0 .30 3.33 -  0 .25 9 .0 0  -  Rem
Q R 0 4 5 |  ...........................  0 .30  0 .30  0 .30  2 .80  2 .80 0 .50  -  2 .8  Rem
T M -  Special2 . . .  ....................  0 .32 0 .30  0 .30 1.45 0 .40 -  4 .00  5. Rem

 _________________________________  R E F R A C T O R Y  A L L O Y S  _____________________________

______________________  C Ni A1 Cr Mo T i W Co Fe

Rene 4 1 3 ...........................................  0.1 Rem 1.5 19.0 10.0 3 .0  11 .0  3 .0
Anviloy 11504 .......................................... 4 .0  4 .0  90 .0  2 .0
M o-T Z M  ....................................................  0 .12 Z r Rem 0.5

1 Proprietary name of Bofors Aktiebolaget, Sweden
2 Proprietary name of Teledyne Vasco, USA
3 Proprietary name of General Electric Co., USA
4 Proprietary name of P. R . Mallory Co., USA

Table 3-3. H eat Treatment

Material Anneal Tem p. Stress Relief Temp Hard. Temp Temper Tem p
Anneal Time Stress Relief Tim e Hard. Tim e Temper T im e *
Cooling Cooling Cooling Cooling

H - 1 3 ........................... 1550-1625°^ 1200°F 1795-1975°F 1000-12 0 0 °F
1 /4 h r/in . 50  F /hr. 2 hrs. at tem p. fu r. cool 45-15 min. air quench 1-2 hr.* air

H - 1 9 ........................ .. 1600-165 0°g 1200°F 2 1 00 -2200°F 1000-1300°F
1 /4 h r/in . 50  F /hr. 2 hrs. at tem p. fu r. cool 15 min. air quench 1-2 hr.* air

H - 2 1 ........................... 1600-1650° F Q 1200°F 2150 -2 200 °F 800-130 0 °F
2 hrs. at tem p. 50 F /h r. 2 hrs. at tem p. fur. cool 15 min. air quench 1-2 hr.* air

Q R O  4 5 ..................... 1 5 60°F  o 1200°F 1830-197 5°F 1000-1200°F
2 hrs. at tem p. 50  F /h r. 2 hrs. at tem p. fur. cool 15-45 m in. air quench 1-2 h r.* air

Rene 4 1 ..................... 1950-1975°F  
4 hrs. air

1 4 00°F 
16 hrs air

Anviloy 1150 . . . . 1850°F
1 hr/in . of thick (Vacuum or Dry Hydrogen Atmos.)

M o TZ M  .................. 2000 -2 500 °F
. . . . . . . Use manufacturer's recommendation as to  temperature
.................. tim e, and cooling (Vacuum or Dry Hydrogen Atmos.)

*D ouble or triple temper is desirable and manufacturer's tables and graphs should be consulted in order to achieve the final 
desired hardness.

Copper-Base Die Casting Alloys
Although many copper-base alloys have been used in die 
casting with varying degrees of success, the choice is 
normally limited to those with low melting points. Such 
alloys minimize deterioration of die materials due to 
heat-checking and soldering. The nominal compositions 
of the most commonly used die casting alloys are listed 
in Table 3-5. It will be noted that one of these alloys 
(C85800) is a leaded (1%) yellow brass, two (C86200 
and C86500) are high-strength yellow brasses, and two 
(C87800 and C87900) are in the Cu-Si-Zn family (silicon 
brass and bronze). Alloys C99700 and C99750 are spe­
cial high-manganese brasses, containing 13 and 19.5% 
Mn, respectively.

Of the foregoing, alloys C85800, C87800, and C87900 
presently are the most widely used. Use of the white, 
high-manganese brasses is gradually increasing as they 
are becoming better known.

Effects o f  A lloy Constituents
Zinc is the m ajor alloying constituent in most composi­
tions, although other elements are present in tailored 
amounts. The relative proportions of constituents have 
a profound effect on the corrosion resistance of the 
alloys. This is an important property of brass die cast­
ings because many such parts are used in the plumbing 
industry where good corrosion resistance is required.

Corrosion resistance is dependent on the am ount of 
zinc in the alloy and its effect on the distribution of 
phases in the microstructure. Two types of corrosion are 
encountered: general corrosion and dezincification. De- 
zincification is most detrimental since it is usually more 
rapid and is insidious in its behavior. Dezincification in­
volves a preferential dissolution of zinc from the alloy, 
producing a porous and structurally-weak skeleton of 
copper; this condition, although not always readily ap­
parent, results in ready fracture upon application of low 
stress.
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Table 3-4. D ie-set Construction M aterials

Ejector p i n s .............................. H -13 , H -13 (N )
Ejector p la te .................. .. 1020
Ejector plate r e ta in e r ............ 1030
Pillars and rails............ .............. 1020
Bottom  clamp p la t e ............... 1020
Movable holder b lo c k ............ P-20
Stationary holder block . . . . P-20
Angle p i n s ................................. . A-2
S l id e s .......................................... . A -2
Die inserts and cores ............ H -13 , H -21 , H-19,QRO-45!,TM  Special 2 , A n v ilo y  1 1 5 0 3 , M oT Z M , Rene 414
Runner blocks and Risers . . H -13, H -21 , H-19, QRO-45 j , TM Special2

(N ) Nitrided
1 Proprietary name of Bofors Aktiebolaget, Sweden
2 Proprietary name of Teledyne Vasco
3 Proprietary name of P. R . Mallory
4  Proprietary name of General Electric Company

High-copper alloys generally have the greatest corro­
sion resistance. Their disadvantages are higher melting 
temperature; higher cost; and, often, lower mechanical 
properties. Increased amounts of zinc reduce the corro­
sion resistance of a„c.opper-base alloy in a proportional 
manner up to 35 Vo Zn. Alloys within this range exhibit 
the face-centered cubic crystalline structure of pure cop­
per, forming a series of alpha (a) solid solutions. 
Beyond 35Vo Zn, a second, beta (¡3) phase appears, 
being a solid solution having a body-centered cubic 
structure. At this point, alloys begin to exhibit a duplex, 
alpha + beta structure. The electropotential difference 
between these phases is relatively high and the duplex 
structures suffer from accelerated corrosion rates and 
dezincification.

Most die casting alloys fall in the composition range 
of duplex, alpha + beta structures. Not only does the 
high zinc level reduce their cost, but the presence of the 
beta phase is found to  reduce susceptibility to hot-crack­
ing during and immediately after solidification. In this 
regard, improved castability is attained at the cost of 
reduced corrosion resistance.

It has been shown that heat treatments which ag­
glomerate the beta phase as islands within an alpha 
matrix can effectively improve the corrosion resistance 
of these duplex alloys. Two of the alloys in Table 3-5, 
OM-Metal and A-M etal, are proprietary compositions 
which have been developed to permit agglomeration of 
the beta phase, utilizing specific heat treatments for this 
purpose. These alloys are finding increased application 
in Europe as a means o f enhancing the resistance of 
plumbing ware to dezincification. Their potential has 
generated considerable interest in N orth America as a 
means of increasing the use of copper-base alloy die 
castings.

Tin significantly improves the corrosion resistance of 
copper-base alloys by increasing the corrosion resistance 
of the alpha phase, while aiding in isolating any beta 
which may be present.

Antimony and arsenic, although environmentally

undesirable, also ac t as in h ib ito rs  to  retard the corro­
sion of the alpha p h ase . T h e ir  presence is limited by 
specifications to  a b o u t 0 .0 5  percen t.

Aluminum and silicon  in  sm all concentrations serve 
to improve corrosion  re s is tan ce . Both are powerful 
deoxidizers and aid  in  m in im iz in g  deposit buildup on 
die surfaces. They a lso  h e lp  prevent volatilization of 
zinc at normal casting te m p e ra tu re s  and improve alloy 
fluidity (see C hap ter 10). I f  alum inum  is present in 
60/40-type Cu-Zn alloys in  am ounts greater than 1 Vo 
(the zinc equivalent o f  A3 is 6), it may cause higher 
solidification shrinkage , d ro ss in g , and formation of the 
beta phase. D uctility  is a lso  adversely affected by the 
aluminum content, w h ich  sh o u ld  be reduced to 0.50Vo 
for maximum ductility .

A nominal silicon c o n te n t o f  1 Vo is specified for alloy 
C87900. This, in c o m b in a tio n  w ith a higher copper con­
tent (65 Vo) results in g re a te r  strength and corrosion 
resistance than th a t fo u n d  in  alloy C85800. The better 
fluidity im parted by  th e  silicon  makes alloy C87900 
easier to die cast, as well; how ever, C87900 is somewhat 
more difficult to m ach in e .

Tables 3-5 th ro u g h  3-7 in c lu d e  alloy C87800, which is 
known as a silicon b ra ss , o r  tom basil. As in other alloy 
systems, silicon im p arts  excellen t wear resistance, but at 
the expense o f m ach in ab ility . T h e  machinability of alloy 
87800 is 40 (the m a c h in a b ility  o f  free-cutting brass is 
100), compared to  80 f o r  alloys C85800 and C87900. 
With a nominal 4 Vo silico n  con ten t, the C87800 alloÿ 
possesses the highest f lu id ity  o f  all the copper-base die 
casting alloys. It also  h a s  th e  least tendency to dross.

Silicon has a zinc e q u iv a le n t o f  7; that is, 1 Vo silicon 
will be equivalent to  a d d in g  7 Vo zinc, in terms of the 
alloy’s tendency to  d ev e lo p  an  alpha-beta structure. 
Hence, these h igh-silicon , high-copper alloys are also 
two-phase and are p ro n e  to  dezincification unless ef­
forts are taken to  m in im ize  th e  am ount of beta.

Lead, in copper-base a llo y s , is used primarily to in­
crease m achinability. L e a d  h as  a melting point of 621F 
(327C) and is essentially in so lu b le  in copper and copper-
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A l l o y  Number, 
or  Name

C87900 C87800 C86500 C86200 085800 C99750 0M A u
Metal9 Metal

Table 3-5. Nominal Compositions o f  Copper-Base D ie-Casting Alloys

C99700

Cu. ...................... 65 . 00 82 . 00 5 8 . 00 6 4 . 0 0 58 . 00 59 . 50 63 . 5 64 . 5 58 . 00

S n . ................... .. < . 2 5 < . 2 5 0 . 5 0 < . 2 0 1 . 00 <  .50 0 . 5 0 1 . 0

Pb.......... ........... .. . . 25 .15 <  . 40 < . 2 0 1 . 0 0 1 . 50 2 . 00 2 . 5 0 < 1 . 0 0

Zn............................... b a l . ba l . b a l . b a l . b a l . b a l . b a l . b a l . b a l .

F e . ................. < . 1 5 < . 1 5 1. 00 3 . 0 0 < . 5 0 < . 2 5 < . 5 0 <  .15

A l . . ................. .. < . 1 5 < . 1 5 1 . 00 4 . 0 0 < . 2 5 1 . 25 0 . 4 0 0 . 3 0 <  1 . 00

S i ......... .............. 1. 00 4 . 0 0 < . 2 5 < . 5 0 0 . 7 0 0 . 5 0

Mn................................ < . 1 5 < . 1 5 1 . 0 0 3 . 0 0 19 . 50 0 . 5 0 0 . 3 0 13 . 00

N i ....... ............... A cn O 5 . 0 0

Sb.......... ..................... .05

Al l  o t h e r s ............ < . 5 0 < . 2 5 <  . 50 < . 5 0 <  . 50

9 P rop ri e t ar y  name o f  01 o f Manner AB, Sweden

b P r o p ri e t a ry  name o f  Andersson ?< Co. AB, Sweden

Table 3-6. M echanical Properties o f  Copper-Base Die-Casting Alloys

A1loy Name 
or number

C87900 C87800 C86500 C86200 C85800 C99750 OM A C99700
Metal Metal

T e n s i l e  S t r . , k s i .............................  70

Yi e ld  S t r . , k s i ..................................

.5% Ext .  Un de r.   ........................

.2% o f f s e t .........................................  35

Elonq.  in 2 " , _ ï . ................................ 25

Hardness ...................................................

Rockwell  B........................................   70
B r i n e l 1 -  500 kq.............................
Br in e11 -  3000 k g . .........................

Modulus o f  E l a s t i c i t y ,  k s i . . .  15

Impact S t r . , f t - l b ........................

I z od .....................................................
Charpy Unnotched ................50
Charpy V- n ot ch  ...............

85 71 95 55 75 70 67

50 28 48

25 30 20

85

20

70

100
130 180

15 15

12

30 40 35 41

15 20 25 10

55 82 70
119 80

15

40

18 15

75 50

145

15

60

27

70

120

16

32



Table 3-7 . Physical Properties o f Copper-Base D ie-Casting Alloys

A l l o y  Name 
or  Number C87900 C87800 C86500 C86200 C85800 C99750 0M

Metal
A

Metal
C99700

Melt inq Pt .  ( L i q . ) ° F ............... 1700 1680 1616 1725 1650 1550 1634 1660 1650

Mel t i n g  Pt .  ( S o l . )  ° F ............... . , 1650 1510 1583 1650 1600 1505 1607 1570 1600

De ns i t y  @ 68F,  l b / i n ' * ............... . 308 .300 .301

COCOCM .305 .29

COoCO .296

S p e c i f i c  G r a v i t y .......... ................ 8 . 5 8 . 3 8 . 3 7 . 8 5 8 . 4 7 . 8 8 . 5 7 . 9

C o e f f . Thermal Exp.  
a t  68F, i n / i n  x 10~6.......... ... 1 0 . 9 1 1 . 3 1 2

Thermal C o n du ct i v i ty  
a t  68F, B t u / f t V f t / h r /  F , ., 1 6 . 0 5 0 . 0 20 . 5

E l e c t r i c a l  C o n du ct i v i t y  
a t  68F, % IACS............................. , . ,  15 6 . 7 2 2 . 0 7 . 5 2 0 2 . 0 3 . 0

S p e c i f i c  Heat a t  68F,
Btu/1 b / ° F . ....................................... . .  . 09 .09 . 09 . 09 .09

base alloys at room  temperature. Hence, at the time 
when a die casting is ejected from the die, the lead will 
still be molten. The lead occurs at the grain boundaries, 
where its presence increases machinability. Lead may 
also occupy the voids associated with internal shrinkage 
porosity, thereby increasing pressure tightness. Ex­
cessive lead content may exude or “ sweat”  while cast­
ings are held at temperatures above 62IF  (327C), caus­
ing a loss in strength. In alloy C85800 lead is limited to 
1.5% maximum.

Manganese reduces the melting point, adds tough­
ness, and increases the mechanical strength of copper- 
base alloys. It promotes stability in the yellow brass 
alloys and increases the amount of iron which can be 
taken into solution. The advantages of these effects can 
be found in a series o f alloys called high-strength yellow 
brasses or manganese bronzes, and in the high-manga- 
nese brasses, C99750 and C99700. Alloy C86500 is con­
tained in this series and is one of the 60/40-type of 
Cu-Zn alloys with a manganese content normally vary­
ing from 0.5 to 1.5%, and aluminum from 0.5 to 1.5%. 
As the manganese and aluminum contents are in­
creased, the tensile properties increase proportionately. 
Low-tensile manganese bronze (alloy C86500) and me­
dium-tensile manganese bronze (alloy C86200) may be 
die cast. Both alloys exhibit relatively high solidification 
shrinkage and drossing tendencies, which must be taken 
into account in die and gating design.

Alloys C86200 and C86500 are very close in zinc con­
tent to the common die casting alloys C87900 and 
C85800. The m ajor difference between them is in the 
amount of other alloying elements present such as 
manganese, iron, and aluminum, which increase the 
strength of the alloys. These manganese bronzes are be­
ing used for components which require high strength, as

opposed to corrosion resistance or good electrical and 
thermal conductivity. A good example of such a compo­
nent would be a standard transmission selector fork 
used on trucks. This part, die cast in manganese bronze, 
is stronger than cast steel, requires a minimum of 
machining, and has inherent lubricity—a characteristic 
of copper-base alloys.

Alloys C99750 and C99700 are white (silver) in color 
and have good corrosion resistance. They can thus be 
used in the “ as-polished” condition in many applica­
tions where plating would normally be specified.

Physical & Mechanical Properties
The mechanical properties of the die-cast copper-base 
alloys are generally superior to those of the light metals 
(see Table 3-6). For example, the yield strengths of the 
copper-base alloys range from 28,000 to 50,000 psi.

The maximum yield strength of any die-cast 
aluminum alloy is only 27,000 psi. The physical prop­
erties of each of the die-cast copper-base alloys are 
shown in Table 3-7.

Copper-base alloy die castings should be considered 
for products requiring physical or mechanical properties 
approaching those shown in Tables 3-6 and 3-7. The die 
caster must be careful to melt and handle the metal 
properly and to control the die casting process to assure 
the maintenance of the required properties.

Because casting dies are rigid, the alloys cast in them 
must have good hot-strength and ductility. The casting 
material must not crack as it cools and shrinks onto the 
solid die surface. The presence of beta in the structure at 
elevated temperatures enhances the ductility of the alloy 
when shrinkage stresses develop during solidification, 
but at room temperature the beta is brittle and the alpha 
is ductile. This explains why copper-base die-casting
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alloys are compounded to have a mixed, alpha-beta 
structure in order to achieve a balanced ductility over a 
wide temperature range.

Another physical characteristic of these alloys is a 
short freezing range—that is, a narrow temperature 
range over which liquid and solid states coexist. This 
short freezing range allows for early removal of the 
casting, thereby speeding up the production process. A 
further consideration is that a wide-freezing-range alloy 
will be more prone to hot-short cracking as it solidifies 
and shrinks on the die. H ot-short cracking is caused by 
the presence of liquid metal in a partially solidified 
casting when the casting is subjected to stress caused by 
solidification contraction. Within the copper-base alloy 
family, the Cu-Zn, Cu-Al, Cu-Si-Zn, Cu-Mn and Cu- 
Mn-Zn alloys have narrow freezing ranges and are best 
for die casting. The red brasses and semi-red brasses, 
which contain large amounts of tin and lead in addition 
to zinc, have wide freezing ranges and are therefore dif­
ficult to die cast.

Melt Preparation and Treatment

Standard production methods and equipment for the 
melting and handling of molten metal, as discussed in 
other chapters, are used in die casting operations. 
Hand-ladling from a bale-out holding furnace into the 
shot sleeve is most common; however, automated meter­
ing systems based on vacuum, mechanical tilting, etc., 
are increasingly being used. Another problem with die 
casting, as with permanent molding, is that of pro­
longed holding times which may result in the need to 
monitor metal composition (particularly zinc content) 
and adjust for losses periodically.

Dissolved gas is not normally a problem in die casting 
because of the high rates of metal solidification, high in­
jection pressures, and presence of entrained air. Hence, 
degassing routines are not normally applied to the melt, 
although the melt must be kept clean from excess ox­
ides, dross and inclusions. One treatment, unique to 
copper-base alloy die casting, is the periodic use of small 
additions of magnesium to the metal being used for die 
warm-up shots (these castings being discarded). This 
reduces the rate at which the scale (lubricant plus zinc 
oxide) builds up on the die. However, if used too fre­
quently, deposits tend to be cleaned away too thor­
oughly, cleaning out heat checks in a badly-worn die 
sufficiently to  cause stickers to occur.

PERMANENT MOLD CASTING
The term permanent mold is somewhat of a misnomer. 
It refers to the fact that the casting process employs a 
reusable, rather than an expendable mold (as for sand 
casting). Ordinarily, the process is carried out under 
normal atmospheric conditions, utilizing the force of 
gravity for pouring the mold. Outside the United States, 
the process is referred to as “ gravity die casting,”  “ chill 
casting,” or simply “ die casting” (as distinct from pres­

sure die casting). This should be noted when reading the 
literature from other countries.

The permanent mold casting process dates back 5,000 
years to the time when stone molds were used to cast 
copper (and later, bronze) axe heads and arrowheads. In 
modern times, however, because of inherent difficulties 
and limitations the permanent mold casting of copper- 
base alloys has not been fully exploited. This is par­
ticularly true in North America, where the process 
accounts for only about 0.5% of copper-base casting 
production; in Europe the figure is closer to 5%. The 
reason for the rather large difference between North 
American and European production levels is not clear, 
but may be associated with differences in alloy accep­
tability, particularly for plumbing ware.

In terms of product characteristics and process 
parameters, permanent mold casting may be considered 
as being intermediate between sand casting and pressure 
die casting. The section in this chapter on pressure die 
casting should be referred to for information on process 
parameters and materials common to both permanent 
mold and die casting.

Parts produced by permanent mold casting usually 
range in size from 1/4 to 10 lb, but may be as small as 
one ounce or as large as 50 lb in weight. Molds are sized 
accordingly and, depending on complexity, those for 
producing smaller parts are often multi-cavity, both to 
conserve heat and reduce labor costs.

Casting Characteristics

Permanent mold castings, in the as-cast condition, are 
considerably more expensive than are sand castings 
largely due to the cost of the mold itself—which must be 
amortized over its production life expectancy. Offset­
ting the cost of the mold are reductions in labor costs 
and the reduction or elimination of expensive finishing 
and machining operations. These savings make it possi­
ble to reduce the net cost of the part in the final product. 
Therefore, where production requirements warrant the 
investment in an expensive mold, permanent mold cast­
ings are found to be cost-effective. No hard and fast 
rules can be given for minimum production require­
ments. Although mold life expectancy can vary depen­
ding on part complexity, 5000 pours is not unreasonable 
and mold lives of 20,000 to 50,000 pieces have often 
been reported. If the mold is purchased outright by the 
customer, amortization of cost need not be a concern.

The following are the general characteristics of 
copper-base alloy permanent mold castings:

1) Dimensional tolerances are closer than those ob­
tained for sand casting, plus uniformity is better 
between individual castings of the same or dif­
ferent production runs. Where only a graphite 
mold dressing is used, tolerances equal or exceed 
those of closed-die forgings and approach those 
attainable for investment castings or pressure die
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a. The m old is preheated  and coated with a graphite wash, 
ready fo r  use. N o te  sand core in foreground.

d. The casting and its core are rem oved. N otice here, and in 
view c, the zinc oxide deposit in the m old  cavity.

b. Pouring. N o te  the tilting o f  the m old  at the beginning o f  
the operation.

e. N o te  here the release o f  steam.

c. The m old  is opened after the m etal has solidified.

Fig. 3-19. Perm anent m old casting o f  a brass globe valve body. (Courtesy o f  Fonderie Sept. 1957).
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castings. Specifically, the following linear 
tolerances may be expected, depending on design 
complexity—

Across parting lines
Up to one inch = ±0.010 in.
For each additional inch ±0.002 in.

Same mold half
Up to one inch -  ±0.008 in.
For each additional inch = ±0.002 in.

2) Provide excellent as-cast surface finish, especially 
with use o f graphite mold dressing, exceeding that 
of sand castings and comparable to those of forg­
ings, investment castings, and pressure die 
castings.

3) Possess higher mechanical properties than do sand 
castings because of fine grain size.

4) Possess better soundness than do sand castings or 
pressure die castings. The fast cooling rate and 
mold design of permanent mold castings are favor­
able for directional solidification and freedom 
from the gas and shrinkage porosity found in sand 
castings. Similarly, gravity pouring prevents the 
usual entrainment of air holes found in pressure 
die castings.

5) Capable of producing larger castings and heavier 
sections than are possible with pressure die casting 
(plus a wider range o f alloys can be used).

6) Conventional sand cores can be incorporated to 
produce complex internal cavities. (The combina­
tion o f reusable metal molds and expendable sand 
cores is referred to in North America as the “ semi­
permanent m old” casting process.)

Permanent Mold Casting Equipment
Unlike the pressure die-casting process which utilizes 
rather large, often fully automatic machines, permanent 
mold casting is accomplished with a range of much less 
sophisticated equipment. The majority of parts, in fact, 
are manually poured in rather simple molds at oper­
ators’ benches where metal is provided from adjacent 
bale-out furnaces. Here, the molds are dressed (coated 
with a wash), fitted with removable parts or cores, 
clamped, tilted, and poured. When the casting has 
solidified, the mold is disassembled, the casting re­
moved, and the process repeated—all by hand. Figure 
3-19(a) illustrates a typical globe valve body mold which 
is poured in this manner. An important feature of the 
manual-pouring technique is the initial, tilted mold 
position (Fig. 3-19, b) which is used to minimize tur­
bulence. As the mold fills, the operator continuously 
rotates the mold to  a horizontal position. This is best 
seen in the schematic views shown in Fig. 3-20. Another 
feature of the mold illustrated here is the ability to use a 
“ flow-through” technique, whereby the first metal 
entering the mold flows on through the cavity and enters

Fig. 3-20. Successive tilt positions o f  perm anent m old  during 
pouring. (Courtesy  o /  Fonderie Sept. 1957)

an overflow well resembling a second sprue. This same 
principal is used in pressure die casting to avoid flow 
marks and entrapment of oxides.

Alternatively, and particularly for large castings, 
combinations of rack-and-pinion gearing, screw mech­
anisms, or hydraulic cylinders are used for opening and 
closing of the mold, tilting, and ejection of castings. A 
hydraulic version of such a machine is shown in Figure 
3-21, together with a sectional view of a typical die 
which might be mounted on such a machine.

To achieve higher production rates, a number of 
relatively simple, mechanized molds may be mounted 
on a turntable, or carousel, so that the different opera­
tions of mold preparation, pouring, cooling and ejec­
tion take place at different stations. Maintenance of 
strict cycling frequency is particularly im portant in 
order to maintain the proper thermal balance of the 
molds.

Where maximum production rates are required, as 
for hardware and plumbing goods, sophisticated m a­
chines are available (particularly in Europe) whose com­
plexity rivals that of pressure die casting machines.

Process Parameters and Casting Quality
Aside from the factors of mold design and melt quality, 
which will be discussed later, the following operational 
variables all can have a marked effect on casting qual­
ity: 1) Pouring temperature

2) Pouring rate
3) Mold temperature
4) Angle and tilt rate of mold
5) Dwell time between casting and ejection
6) Cycle time between successive pours
7) Mold dressing material and mode of application

For successful operation it is essential that balance be 
maintained between the heat input to the mold by the 
molten metal and that lost by conduction, radiation, 
forced-air cooling (where required) and the cooling 
caused by application of mold wash (especially by dip­

53



Fig. 3-21. Top: Hydraulic, tilting-type perm anent m old  
casting machine with p la tens fo r  m ounting o f  m old  halves. 
B ottom : Section view o f  typical perm anent m old with 
mounting plates, ejector p la te  and pins, and pouring basin.

ping). In manual operation, heat balance is effected by 
operator technique and the rhythm of operations main­
tained to produce acceptable castings. Quantitative con­
trol of heat balance can be accomplished by measuring 
mold temperature, and then programming operations 
(particularly pouring and casting ejection) accordingly. 
For most of the yellow brasses and Cu-Si-Zn alloys 
which are used for permanent mold casting (whose 
pouring temperatures are in the vicinity of 1700F),

typical mold operating temperatures range from 400 to 
800F (204 to 426C). In the case of aluminum bronzes, 
whose pouring temperatures are in excess of 1965F 
(1074C), is it common practice, particularly in Europe, 
to maintain mold operating temperatures at a dull-red 
heat—that is, 1200F (649C) or more.

In practice, establishment of optimum mold 
tem perature is done empirically by noting the 
temperature range over which satisfactory castings are 
obtained. The cadence of operations is then adjusted to 
maintain the mold temperature within this range during 
production. Close control of pouring temperature is 
also necessary for this.

Undue disruption of the heat balance from  one cycle 
to another can lead to scrap of various kinds. High 
pouring temperature or premature ejection of the 
casting from the mold can cause casting breakage, 
because of the fact that the part is insufficiently rigid to 
withstand the stresses o f being ejected. In such cases, 
portions of the broken casting may lodge in the mold 
and must be pried loose. This causes delays in the pro­
duction cycle, excessive loss of mold temperature, and 
possible damage to the mold dressing.

Delays in ejection can be equally serious, allowing the 
casting to contract too tightly against unyielding mold 
surfaces, thus causing sticking or hot-cracking of the 
casting at these locations. The problems of reduced 
pouring temperature or mold tem perature are of 
another kind and include misruns, cold shuts, and gas 
entrapment.

Mold washes, or dressings, are of various kinds and 
serve a variety of purposes including:

• to prevent soldering (welding) between the casting 
and the mold

• to improve surface finish

• to provide lubrication to facilitate ejection

• to provide insulation to prom ote directional 
solidification and feeding

• to serve as an aid in venting (coarse-grained 
washes)

Suspensions of colloidal graphite in mineral-free 
(preferably de-ionized) water are the most commonly 
used mold washes for the production o f copper-base 
alloy castings. These washes may be sprayed, but are 
most often applied by dipping the hot mold halves into a 
tank of the constantly-stirred wash. The dipping tech­
nique serves two purposes, other than wash application, 
which may not be readily apparent. First, the boiling ac­
tion of the wash against the hot mold surfaces tends to 
“ explode” away the oxide deposits caused by the vola­
tilization of the zinc from the casting alloy (see Fig. 
3-19, view c, which shows these deposits). Secondly, the 
evaporation of the water (Fig. 3-19, view e) is effective 
in cooling the mold. (This evaporation action would 
leave behind mineral deposits unless the water were de-
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Table 3-8. Typical Compositions o f  Non-Graphitic Coating fo r  Permanent M olds

Composition, % by weight (remainder, water) 

Insulators ___________Lubricants
Sodium Fire- .Metal Diatoma- Soap- Boric

Coating No. silicate Whiting clay oxide ceous earth stone(a) Talc(a) Mica(a) Graphite acid

1   2 —  4 _  _  _  _  —  1 — 2  8 —  4 _ _ _  _ _ _ _

3   —  7 —  —  —  —  —  —  —  7
4(b) .....................................................  12 9 —
 5  5 11 —  2 —  —  5  —  —  —
 6  9 —  4  —  —  14 —  —  —  —
 7  11 —  —  17 —  —  —  —  —  —
3   —  —  4 —  —  23 —  5 —  —
9   7 —  1 —  —  23 —  2 —  —

1 0   23 —  —  —  _  —  20 —  —  —
11   30 —  —  —  5 —  10 —  —  —
1 2   18 —  —  —  41 _ _ _ _ _
1 3 ...........................................................  8 —  —  60 -— —  —  —  —  —
1 4 ...........................................................  7 —  —  —  —  —  62 —  —  —
1 5   20 53 —  —  —  —  —  —  —  —

(a) Serves also as an insulator, (b) Plus silicon carbide, 2% by weight, for wear resistance.

ionized.) The graphite in such washes serves both to pre­
vent soldering and as a lubricant. By its constant 
replacement, cycle-to-cycle, together with oxide deposit 
removal as described, the graphite wash also is effective 
in maintaining a smooth surface finish. It should be 
noted that often small amounts of ammonium chloride 
are added to the wash tank in order to adjust the pH of 
the water, thereby aiding in keeping the colloidal 
graphite in suspension.

Insulating mold washes are usually applied by spray­
ing or brushing, since they are used only at specific loca­
tions in the mold and are touched up as required. Care is 
required in the application of these washes to assure 
good adhesion. This is usually accomplished by blast- 
cleaning the heated mold halves and then immediately 
applying the wash to the clean, hot surfaces. Tempera­
tures in the range o f 400F (205C) are common. Table 3-8 
gives typical compositions of non-graphitic mold 
washes used in the production of both copper-base and 
aluminum alloy permanent mold castings. Many shops 
have their own private formulations while others pur­
chase proprietary washes with instructions for use. One 
of the m ajor disadvantages of these kinds of washes is 
the fact that their texture (and the resulting casting 
finish) changes with repeated use. Also, the thickness of 
the wash layer may change with continued operation, 
building up in areas where successive applications are 
made or wearing thin where friction occurs. These 
changes cause commensurate variations in casting 
dimension, and reduce the tolerance-holding capability 
of the process.

Mold Material & Design

Relatively little information has been published in 
North America on the subject of permanent molds for 
copper-base alloy castings. This undoubtedly reflects 
the limited number of commercial producers of such 
castings and their reluctance to publish data on shop 
practice. An excellent summary on design and construc­
tion principles, although somewhat brief, has appeared 
in French literature,3 which reports that European prac­

tice is to use three general classes of materials for per­
m anent molds for copper-base alloy castings:

• fine-grained, pearlitic gray cast iron
• special steels
• nonferrous alloys

For casting the lower-melting-point brasses and 
silicon bronzes, gray cast iron molds are most common, 
having the general composition range of 3.4% to 3.5% 
C, 1.50% to 1.80% Si (varies according to thickness), 
0.90% Mn, less than 0.10% S, and less than 0.20% P.

To improve the thermal shock resistance of the iron a 
small addition of molybdenum (0.70% to 0.90%) may 
be used. Cast blocks to be used for molds must have 
flawless internal structures, since the least blowhole or 
spongy area at the surface of the final mold cavity will 
cause serious surface defects on the casting. These fine­
grained, pearlitic cast irons, with or without the 
presence o f molybdenum, are reported to provide mold 
lives of 15,000 to 20,000 castings.

Certain special low-alloy steels have also been found 
to provide good results (20,000 to 25,000 castings), 
although the steels are more prone to distortion. Steels 
for molds have the average composition 0.25% C, 
0.70% Mn, less than 0.40% Si, 1.00% Cr, and 0.15 to
0.35% Mo.

For limited production requirements (4,000 to 5,000 
castings), brass or bronze molds are used. Beryllium- 
copper molds have also given promising results. E uro­
pean practice is to use high-alloy steels for the casting of 
aluminum bronzes. These are assumed to be air-harden­
ing die steel compositions, although this is not specified 
in the literature.

Molds can be manufactured either by machining 
directly from  solid blocks of cast iron or forged steel or 
by use of cast-to-shape blanks of contoured thickness, 
which are cast from master patterns. The first method 
mentioned, generally speaking, is restricted to  tooling 
for rather small parts. The second method is the most 
commonly used, since it provides a means for control­
ling mold wall thickness in order to assure proper
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balance of heat flow which is necessary for good pro­
duction and casting quality. Details regarding other 
features of mold design, with emphasis on venting, 
chills and draft angles for moving parts, can also be 
found in the French literature.3

Gating
Generally speaking, gating systems for the production 
of copper-base permanent mold castings must follow 
certain rules. For proper filling o f the mold cavity, fill­
ing must be continuous (not interrupted) and properly 
adapted to casting and alloy requirements. Air must be 
displaced from the mold cavity as it is filled. To assure 
casting soundness, there must be no turbulence in the 
runner system or in the mold cavity during pouring. The 
gating system also must permit complete filling of the 
cavity, and the direction of metal flow must be such that 
solidification defects do not occur.

Since the m ajority of the brasses and bronzes which 
are cast in permanent molds are sensitive to shrinkage, 
cracking, and oxidation, isolated massive sections 
should be avoided wherever possible. When they are 
present, gating should be directly into such sections. 
The casting must be positioned in the mold and poured 
in such a fashion that the cavity fills completely and 
continuously during pouring. As an additional means of 
avoiding oxidation, it is good practice to employ 
bottom-gating and, for this reason, it is often necessary 
to resort to the practice of tilt-pouring (Fig. 3-19, view
b). Displacement of air from the mold must be accom­
plished by the use o f ample vents or relief risers, and by 
the use of large overflow cavities. These cavities have 
the advantage of permitting a “ washing” of the mold 
cavity, by flow-through of metal, which is necessary in 
order to obtain a good surface finish on the casting.

Casting Alloy Characteristics

Compositions
As is the case for pressure die casting, the most com­
monly used alloys for permanent mold casting are the 
yellow brasses (including silicon brass and manganese 
bronze). The metallurgical characteristics of these alloys 
are covered in the section on pressure die casting as well 
as in Chapters 10 and 12.

Another family of alloys widely used for permanent 
mold casting is the aluminum bronze group, and parti­
cularly alloys C95200 and C95300. These materials are 
not pressure die-cast because of their susceptibility to 
oxide film form ation under conditions o f turbulent 
flow.

In fact, by proper mold design and care in gating and 
pouring, a wide variety of copper-base alloys can be suc­
cessfully cast in permanent molds. Such alloys include 
high-conductivity copper, chromium-copper, nickel 
silver, phosphor bronze, and even certain leaded tin 
bronzes. The higher melting points of these alloys have 
a marked effect on mold life, however. Also, casting dif­

ficulty increases as the alloy freezing range becomes 
wider, except for the simplest shapes. The much high 
freezing rates of permanent m old castings, as compared 
with sand castings, cause modifications in alloy micro­
structure and properties; hence, lo r permanent molding 
the optimum composition may require some adjust­
ment.

Physical and Mechanical Properties 
The physical properties of the various permanent-mold 
casting alloys can be found in CDA’s Standards Hand­
book ,4 and are related to  composition rather than to 
casting process.

Mechanical properties of permanent mold 
have not been well documented due to the lack c. a sian_ 
dard test bar. This is a m atter o f concern to the industry 
because the generally superior properties of chill-cast 
alloys are thus hard to merchandize. Individual manu­
facturers can cite properties for various alloys based
n n n n  iiq p  r»f t W  m xm  tP s t  W  —

bar
upon use of their own test bar, but no standard tesiexists in North America.

•nations quote properties m accordance 
Soroe ^ " “ J ard (ISO) 1338-1977 (E), "Cast 

with lnte™* Composition and Mechanical Proper-
Copper Al Ï  fefers w the use of a test bar of
hes> . /r)TC 4737)  cast from the mold shown in 

is intended to be tilt-poured, as
shown in Fig. 3-23-

natural properties of permanent mold 
ThC mep almost invariably higher than those of sand

castings are ment_mold castings, and approach
castings o ^  same aUoy TWs is due tQ th(.

f^rt that he rapid freezing rate causes the formation offact that t p solid skm on the castmgj extend_
a fme-grame , ^  ^  centerpne of the section. Any 
ing very near y ef from shrinkage or gas, occurs
porosity pres , ^  ^  section, which is usually a
n e u t r a l  axiTin terms of apphe^service stress.

Melt Prepar tice is employed for the various
Standard fou ^  ^  on pressure dk casüng
alloys as de chapters dealing with the specific
and m the v Wng is normally carried out in the fur- 
alloy families. metal then transferred to holding 
nace room an The holding furnaces are

done manually or mechanically.

. 1 „f th, metal is more critical in permanentGas control of the me ̂  ^  ^  ^

mold casting rdatively low gas contents are re­
sand “ sung, al por0sity, the permanent-mold
quired to a v u  o n  the presence of controlledcasting process
amounts of gas as a means of dispersing shrinkage in 

’ ' * ’ ' ' 1 1  t

o f gas are found to counter the effects of normal volu-

order to avoid interconnected voids which might 
leakage under pressure. Likewise, these controll h ,Cause
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Parallel length 60 —►

Original gauge length 50

X

30 101.9

161.9

3 0

Fig. 3-22. ISO  test bar and m old  fo r  copper-base alloys, p er  
ISO 1338-1977(E).

Fig. 3-23. Illustration o f  filling sequence o f  test bar mold, 
pou red  in tilted position  and rotated  to vertical position.



metric shrinkage and, in accordance with Pellini’s strain 
theory of hot tearing, to assist in feeding hot spots— 
thus reducing the degree of cracking in castings as they 
solidify through the critical temperature range. The op­
timum gas level must be determined empirically for each 
casting, and will depend not only upon alloy character­
istics but upon casting section thickness and design as 
well.

One complication of the permanent mold casting 
process, in terms of melt control, is the fact that 
relatively small amounts of metal are cast per unit time. 
This means prolonged holding times, with the likelihood 
that gas level, composition, and inclusion content will 
change considerably within the furnace. It is thus 
necessary to  exercise careful control over the quality of 
the melt, with adequate monitoring and adjustments 
performed to assure readiness for pouring at all times. 
This should include evaluation of the need for readjust­
ment of the gas level, skimming, or replacement of zinc 
loss.

Conclusion
The permanent mold casting process for copper-base 
alloys appears to be under-utilized in comparison to its 
use with aluminum alloys, and also with the much wider 
application o f the process in Europe. Expanded use of 
the process seems a distinct possibility for the future in 
North America, particularly if dezincification problems 
of the yellow brasses can be moderated to meet plumb­
ing-ware specifications. Perm anent mold casting can 
also be expected to gain impetus in view of the growing 
concern with the toxicity of foundry solid wastes, in­
cluding molding sands.

CENTRIFUGAL CASTING
The essential feature of centrifugal casting is the in­
troduction of molten metal into a mold which is rotated 
during solidification o f the casting. The centrifugal 
force is relied upon for shaping and feeding the molten 
metal as the liquid is thrown by the force of gravity into 
the detail of the mold.

The process has the following inherent advantages:

1) It lends itself readily to the utilization of pro­
gressive solidification.

2) Dross and nonmetallics o f low density move 
toward the inside surface where they may be 
removed by machining.

3) It develops extremely high casting pressures, which 
prom ote soundness by providing effective feeding, 
increasing gas solubility, and keeping to a low 
volume any gas which may be trapped or liberated 
in freezing.

4) It is readily adaptable to the use of permanent chill 
molds, in which fine-grained castings of excep­
tional soundness and uniformity may be pro­
duced.

— tviiipci aiures 
because of the high pouring rates possible. The 
lower temperatures minimize gas absorption from 
furnace atmospheres and tend to decrease grain
size

6) Tubular sections may be cast without a core.

Th nuality of any centrifugal casting depends upon 
the extent to  which it is possible to utilise all of these 
factors.

Process Variations
Centrifugal casting is d^ided into three different 

* n  true centrifugal, 2) semi-centrifugal, and
3) centrifuged (as shown in Fig. 3-24).

Centrifuging

Centrifuging is probably the least important of the three 
.vues of centrifugal casting, a typical example being the

a c tin g  of “ Christmas trees” with assembled investment casting

lost wax patterns. Here, metal is poured down a central 
<mrue while the mold is spinning and flows through run­
ners and gates under the influence of centrifugal force 

fill and feed the cavities. Castings are relatively small, 
mold o f small diameter, and spinning speeds are ad­

justed to  give a relatively low force of about 10 G. (G = 
acceleration due to  the force of gravity.) An alternate 

•on of the centrifuging process utilizing more con­
ventional sand molds is shown in Fig. 3-25; this can, of 

rse be applied to  simple cope-and-drag molds as 
Veh as stacks. The objective is to fill the mold cavities 
nuickly and uniformly, to utilize the centrifugal pressure 

order to  get good reproduction of the mold detail, 
Tnd to enhance feeding. For large casting and sprue 
sizes turbulent flow becomes a problem which can be 
mitigated to  some extent by the use of curved “ spiral 
taoer”  runners whose contours correspond to the move­
ment and acceleration of metal in the runner under the 
influence o f the applied centrifugal force.

Semi-Centrifugal Casting

Semi-centrifugal casting is similar to centrifuging in that 
is noured into a central sprue and the centrifugal 

force is usually low (<10G). However, the casting is 
çUwavs symmetrical and concentric with the mold, and 
all contours are formed by the (sand) mold or cores. 
Again the objective is to  achieve rapid filling, enhanced 
feeding and perhaps to induce directional solidification 
from  the periphery to  the center. A typical example is 

in Fig 3-26, and castings can also be made with- 
ouTacentral'core. Large gear wheels, where the spokes 
act as runners to  the outer rim, are typical examples of 
this tvne o f centrifugal casting. The central sprue nor­
mally acts as the riser, and, as will be discussed later, the 
Centrifugal force causes the open metal surface to take 
the form  of a  parabola. Thus the riser is “ fixed” even 
Kefore solidification starts and it is therefore necessary 
to make the riser considerably higher than would be the 
case with static casting.
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Fig. 3-26. Semi-centrifugal casting process

Fig. 3-25. Centrifuging process showing a dry sand stack o f  
three molds.

True Centrifugal Casting

The most widely used centrifugal process is true cen­
trifugal casting. The mold may be rotated on an axis 
which is horizontal, vertical, or at any angle in between. 
The essential features are that there are no sprues or 
runners, the metal being forced directly against the peri­
phery of the spinning mold, and the castings are essen­
tially tubular. No central core is used, so the thickness of 
the tube and the inside diameter are determined by the 
volume of metal poured. Figure 3-27 shows various 
methods, and Figure 3-28 shows a casting being poured. 
Typical examples of this class of product are the 
thousands of tons of spun cast-iron pipe produced for 
water and sanitation services, and the large-diameter, 
copper-alloy, hollow suction rolls used on papermaking 
machines. Such rolls may be 3 ft in diameter by 40 ft

Typical variable 
axis centrifugal 

2 casting macnine

Rammed
molding

sand

Sand Spun Method 
( Small mold)

Fig. 3-27. Variations o f  true centrifugal casting process

long, and castings weighing over 20 tons have been 
made.

Horizontal-axis casting—The castings made on 
horizontal casting machines have a uniform bore, al­
though rims, enlarged ends, etc., may be incorporated 
in the external configuration (mold surface).

The first metal poured into the spinning mold tends to 
lie against the bottom mold surface until it picks up the 
rotational speed of the mold, at which point it rapidly 
spreads over the entire mold surface. When this occurs, 
the initial heat extraction rates are very high, and it is 
therefore im portant that initial pouring rates into the 
mold are high enough to ensure that cold shuts and 
similar defects are not formed. Metal is normally 
poured against the downward-spinning side of the mold 
to assist speed pick-up, and much of the technology of 
horizontal casting, particularly of long tubes, has been 
concerned with metal delivery into the mold. Thus, 
some form of pouring spout into the mold is normally 
used and, in long castings, the spout on the mold may be 
retracted as pouring proceeds. Alternatively, the pour­
ing spout may be in the form of a weir, with metal over­
flowing along its whole length.



Fig. 3-28. Ten-foot tube being pou red  on a horizontal casting machine (Courtesy Wisconsin Centrifugal Foundry, Inc.)

If the rotational speed is too low, metal rests on the 
bottom of the spinning mold too long and is carried 
only part way up the mold wall, falling back to cause 
“ veining” (which generates laps and entrapped oxides). 
The critical velocity at which metal is “ picked up” and 
forms a complete tube increases as the volume of liquid,
i.e. the thickness of the tube, increases. In practice this 
is usually not a problem, as rotational speeds sufficient 
to generate forces of 50G to 100G are normally em­
ployed, there being no demonstrated advantage in ex­
ceeding this.

Vertical-axis casting—Vertical-axis castings are pro­
duced by pouring a given weight of metal into a mold 
rotating about a vertical axis. The metal is accelerated 
by and distributed around the inside mold surface. 
Dross, slag, and other nonmetallics are centrifuged to 
the inside. Unlike horizontal casting, it is not possible to 
obtain a uniform bore. This is because the earth’s gravi­
tational force acts in a vertical direction, whereas the 
centrifugal force caused by mold rotation acts horizon­
tally. The resultant vector force on the molten metal 
varies from top to bottom , causing the internal diameter 
to assume the shape of a paraboloid of revolution. 
Thus, the lower end of the casting will always have a 
somewhat thicker wall than does the upper end. The ef­
fect of spinning speed can be seen in Fig. 3-29. High

spinning speeds result in paraboloid shapes (A), whose 
walls are more nearly vertical, as compared with (B), 
those having more inclined walls because of lower spin­
ning speeds. This behavior can be utilized to advantage 
for the production of tubular parts requiring tapered in­
side diameters.

The vertical-axis method, because of the above- 
mentioned condition, is not well-suited for the produc­
tion of long, pipe-like shapes. Its greatest application is 
for relatively short cylinders and rings.

Inclined-axis casting—This process is illustrated in 
the “ sand spun”  method shown in Fig. 3-27, and is 
basically a compromise between vertical and horizontal 
casting with characteristics most like the latter (depend­
ing on the angle if tilt). For a given mold diameter and 
rotational speed, increasing the angle of tilt from the 
vertical reduces the amount of taper along the bore 
diameter.

Theory, Structures & Properties

The m athem atical theory governing the forces 
developed by mold rotation are based on two assump­
tions: a) the metal is rotating at a constant angular 
velocity, and b) the metal is rotating at the same speed as 
the mold.
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Fig. 3-29. Vertical centrifugal casting m ethod showing effect 
o f  rotational speed on the shape o f  the inner surface.
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Fig. 3-30. N o m o g ra m fo r calculating spinning speeds to 
constant peripheral velocity.

These assumptions are least valid for the early stages 
of true centrifugal casting where considerable “ slip” oc­
curs between the liquid metal and the mold.

The centrifugal force at any point in a true centrifugal 
casting is represented by:

W 4 n N ' R

G x 3600 x  12

where F = Centrifugal force in pounds 
W = Weight in pounds 
N = Number of revolutions per minute 
R = Radius (distance of that point from the 

axis o f rotation in inches).
G = Acceleration due to  gravity

This reduces to:

F = W N2R(.0000284) pounds

It is common practice to consider the centrifugal 
force in terms of times gravity. This does not take into

account the weight or density of the metal and the for­
mula simplifies to:

CA = N 2R (.0000284)
CA = Centrifugal acceleration in G

These various forces involve the interaction of par­
ticles on one another, giving rise to hydrostatic pressure, 
and it will be seen that the conditions in a hollow tube 
casting are different from those in a solid disc even 
though the times gravity acting at the same radius is 
identical. Thus:

P, -  P 2 = 1.415 x 10’5dN2(r? - r 2) lb /sq . in.

where P, and P2 are the internal pressures (lb/sq. in) 
at radii r, and r2(in.), and d is the metal density in 
pounds per cubic inch. In a disc casting rotating about 
its center, P 2 and r2 are both zero, so:

P = 1.415 x 10 5dN2r2lb/sq . in.

For copper alloys this reduces to:

P = .000004 N 2r2 lb/sq. in.

In some texts this information is quoted in terms of 
the metal head.

It is im portant to realize that these two forces of cen­
trifugal acceleration and metal head have different ef­
fects on the structure and soundness of the cast parts, 
and may be manipulated accordingly when choosing the 
operating conditions of the casting machine. Thus, the 
internal pressure or metal head generated by centrifugal 
casting is a hydrostatic pressure, and it is this which pro­
vides the feed metal to insure a sound casting. Feeding 
will not be maintained, however, unless solidification 
proceeds from the outer periphery towards the center.

The centrifugal acceleration, or “ G” force, on the 
other hand, is that which affects the cleanliness of the 
casting by assisting the migrations of inclusions and 
dross to the inner surface of the casting where they can 
be machined off. It also induces segregation by magni­
fying the small density differences between the various 
constituents as the alloy solidifies. For this reason, and 
because o f increased machine difficulties, the centri­
fugal acceleration is usually limited to 100 G maximum, 
there being no apparent improvement in properties 
beyond this value.

It is common practice to operate casting machines at a 
constant times gravity whatever the size of the casting. 
An alternative, and perhaps more logical, approach is to 
operate at a constant peripheral velocity which corre­
sponds to a constant hydrostatic pressure at the outer 
surface of the casting.

The differences in these two concepts can be seen with 
reference to  the nomograms of Figs. 3-30 and 3-31, 
where it will be seen that a spinning speed o f 1050 rpm 
on a 4 in. dia casting gives 60 G and a peripheral velocity 
of 1100 lineal ft per minute. However on a 36 in. dia 
casting, the same 60 G is achieved at 350 rpm but this
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gives a peripheral speed of about 3000 ft/m in; to de­
velop the same 1100 ft/m in peripheral velocity the rpm 
would have to be dropped to only 125.

In practical terms, an 8-in. dia copper casting spin­
ning at 600 rpm will generate 40 G and a peripheral 
speed of 1200 ft/m in, which corresponds to a metal 
pressure of about 90 psi at the periphery (pressure rises 
as the square of the peripheral speed). Thus, the feed 
metal pressure at the periphery should be about six 
times that in a normal static casting (atmospheric 
pressure 14 psi, approximately), and the same amount 
of rejected gas will only give 1/6 the volume of porosity. 
Similarly, the forces causing the separation of slag and 
non-metallic inclusions toward the inside of the casting 
will be forty times greater than the separation forces 
tending to float these same inclusions to the cope sur­
face of a similar static casting. While this is of con­
siderable advantage in obtaining clean centrifugal 
castings, it may give rise to segregation problems in 
long-freezing-range alloys due to the density differences 
between solid and liquid constituents. This applies par­
ticularly to alloys containing lead which, because of its 
greater density, tends to segregate towards the outer sec­
tions of the casting. (This can cause problems in cen- 
trifugally cast babbitt liners in large bronze bearings.) 
Thus, “ banded” structures typical of segregation are 
commonly encountered, particularly if there are vibra­
tion problems with the machine. These structures can be 
controlled by choice of mold material and temperature, 
casting temperature and speed, rotational speed, and to 
some extent choice of alloy. It will be appreciated that 
the various forces decrease progressively from the 
periphery towards the inside diameter and this effect 
becomes significant in thicker tube castings, discs, and 
so on. Thus, to maximize the beneficial effects of im­
proved feeding and impurity separation it is essential to 
achieve directional solidification from the mold peri­
phery inward, to keep feeding paths such as spokes or 
disc sections open and, if possible, to choose alloys of 
short freezing range.

Concentric banded structures, indicative of segrega­
tion or marked changes in crystal structure, often occur 
in thick-walled spun tubes. However, a very wide range 
of pouring speeds, pouring temperatures, alloys, rota­
tional speeds, and mold materials with generally dif­
ferent chill rates may be used. A wide variety o f micro- 
and macrostructures may therefore be obtained. The 
only generalizations that can be made are that the in­
creased G forces, depending on their magnitude, will 
cause increased relative movement of solid crystallites 
and liquid metal whenever there is a density difference. 
Similarly, shrinkage and gas porosity should be reduced 
by the higher feeding pressure, and defects will tend to 
concentrate on surfaces nearest to the center of ro ta­
tion.

As the structure of an alloy largely determines its 
mechanical properties, it will be seen from the above
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constant centrifugal force.

that a wide range of mechanical properties is possible 
depending on the casting conditions. Thus, a particular 
alloy may be cast at high rotational speed against an 
iron mold to give a sound, clean, rapidly cooled casting 
with very high mechanical properties, whereas the same 
alloy, centrifuged into a sand mold, may have proper­
ties no different from a static sand casting. Thus, the 
mechanical properties required o f “ Copper-Base Alloy 
Centrifugal Castings” in ASTM B271-73 are the same 
as in ASTM B584-79 “ Copper Alloy Sand Castings for 
General Applications.”

Safety
Most centrifugal casting machines are purchased from 
specialist manufacturers or are operated in companies 
with a long history of machine development. Even so, 
the dangers of heavy rotating equipment should be fully 
appreciated. For example, utilizing Figs. 3-30 and 3-31, 
and assuming 600 rpm, it will be seen that at 20-in. dia, 
all the material would have an equivalent weight 100 
times more than normal (this includes the mold, the 
machine components, and the liquid metal) and would 
be moving at a peripheral speed of 2650 ft/m in  (30 
mph). The disastrous consequence of any misalignment 
or out-of-balance of the mold, equipment or casting, or 
of bursting of the mold because of the high pressures 
developed, need only be imagined.

Mold Materials
Almost any mold material can be used for centrifugal 
casting provided the characteristics of the mold and the 
machine parameters are taken into consideration.

Metal molds (usually cast iron) are used for high pro-
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duction runs and where rapid heat extraction is re­
quired. Such molds are usually dressed with wash, or 
even with dry sand. In the case of nonmetallic molds, 
green sand is usually too soft to be considered for use, 
but other materials ranging from ceramic investments to 
shell or oil-baked core sands are widely used depending 
on cost, complexity, dimensional stability, chill rates, 
and collapsibility, to ensure freedom from hot tearing. 
Molds may be cooled externally to increase production 
rates and induce directional solidification. In the case of 
thick-walled tin bronze castings, water is sometimes 
sprayed into the bore o f the casting to reduce segrega­
tion of tin-rich constituents.

Special Processes
By careful control of casting conditions and alloy selec­
tion it is possible to cast duplex, or even triplex tubing 
for special applications. The second metal may be 
poured either before or after the first is completely 
solid, depending on melting points, relative densities, 
ease of bonding, and so on.

Another development is the use of the centrifugal 
process to produce hollow castings similar to “ slush 
castings.”  Sufficient metal is poured into the rotating 
mold to form only a shell, which is held in place by the 
centrifugal force until the metal is solid.

PLASTER MOLD CASTING
For many years, ornamental and statuary bronzes were 
cast into plaster molds consisting of gypsum plus vari­
ous additives. The exceptional surface finish obtained 
stimulated ideas on possible applications. Today, plaster 
mold casting has achieved the status of a commercial 
precision casting process, both for aluminum alloys and 
for certain copper-base alloys.

Fig. 3-32. Pouring p laster slurry fo r  plaster m old  casting. 
(Courtesy Gorham Electronics, Providence, RI)

The plaster usually is compounded with various types 
of fibrous and refractory aggregates. A composition 
widely used for the preparation of such molds is com­
prised o f 70*70 to 80% plaster of paris (gypsum), and 
20% to 30% other mineral substances. In some for­
mulations, a frothing agent is added to promote the for­
mation of a foamy suspension of air as the plaster is 
mixed with water; this produces a permeable, cellular 
structure throughout the mold. In use, the plaster for­
mulations generally are mixed with a relatively high pro­
portion of water, in the range of 120-180 parts per 100 
parts of the dry mix, by weight. The slurry thus formed 
is poured over the pattern (sometimes with vibration) 
and allowed to set (see Fig. 3-32).

Once the mold has hardened and the pattern is re­
moved, the mold is dehydrated to remove both free and 
chemically-combined water. Dehydration is accom­
plished by heating the mold to temperatures ranging 
from 400-1400F (200-760C) for a period which depends 
on the size and shape of the mold. This dehydration is 
necessary to insure complete removal of moisture, since 
the presence of even minute amounts at the time of 
casting would possibly result in gas-related defects. This 
problem is somewhat less critical with the permeable, 
semi-porous plaster formulations.

The high temperatures employed for dehydration 
result in mold shrinkage, usually ranging from 1% to 
2% . Likewise, the strength of the mold is reduced by ap­
proximately 50% as a result of dehydration.

Process Variations

Plaster formulations have found some use as molding 
compounds for investment casting (see the following 
section), using either wax or plastic expendable patterns 
or flexible, synthetic rubber patterns. In some cases, 
these applications involve the use of the proprietary An­
tioch process which is based on a molding compound of 
50% sand, 40% gypsum, 8% talc plus other ingredients. 
In this process, molds are specially treated by autoclav- 
ing under steam pressure to control the crystalline struc­
ture and properties of the gypsum cement.

The m ajor process used in plaster molding for com­
mercial production of copper-base alloy castings has 
been the so-called Capaco process which utilizes con­
ventional, reusable patterns. This process is highly- 
mechanized, automatic, and continuous in operation, 
resulting in closely-timed operations. The plaster for­
m ulation consists o f approximately an 80/20 weight 
ratio of gypsum to fibrous mineral. This process re­
quires a high weight ratio of water/plaster; generally, 
140-160 parts water to 100 parts plaster is used. The 
high water content serves to improve mold permeability 
after dehydration.

Advantages of Plaster Mold Casting

With plaster mold casting accurate reproduction o f fine 
surface details is possible. Plaster molds are claimed to
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be superior to sand molds in producing smooth and 
finely detailed surfaces.

Due to the superior dimensional accuracy achieved 
with plaster mold casting, savings in machine finishing 
operations are frequently more than sufficient to com­
pensate for the increased cost of mold materials and 
processing o f plaster composition molds.

Large-scale production of small detailed castings is 
possible. Efficient production line operation is obtained 
by the use of multiple cavity molds.

Smaller gating systems and lower pouring temper­
atures can be used because of the high refractory value 
of the molds.

Preparation of Molds for Casting

To produce good molds and good castings, the molding 
operation should be checked for:

1) Proper proportioning of plaster and water.
2) Proper mixing to insure uniformity.
3) Proper use of the right separating medium.
4) Proper gating and job set-up with gates, runner, 

and sprues cast into the plaster mold.
5) Complete dehydration of the mold in a proper 

type of oven for a sufficient time.
6) Proper metal temperature at the time of pouring.

Patterns may be of metal, shellacked gypsum cement, 
or of flexible pattern material such as plasticized 
polyvinyl chloride. Wood patterns are also usable if 
properly sealed. Unless carefully protected, wood pat­
terns may absorb water from the plaster mix, with resul­
tant warpage or distortion. Flexible patterns may be ad­
vantageous for producing intricate castings, where the 
release from a rigid pattern is impractical.

In standard production it is advisable to include all 
gates, runners, and risers in the pattern equipment. The 
customary metal shrinkage allowances must be made on 
the pattern. In addition, allowance must be made for 
mold shrinkages. These vary with the drying or burn­
out temperature.

Foundries usually develop procedures and plaster-to- 
water ratios best suited to their individual requirements 
and equipment. Generally, 10 parts of metal casting 
plaster are mixed with 14 to 18 parts of water by weight 
(140-180 consistency).

Metal casting plaster has an average setting time of 
15-20 min, which may be quickened or retarded de­
pending on shop conditions. If shop conditions allow 
the equipment to become too coated with set plaster, the 
setting time will be decreased considerably.

In mixing, plaster is added to water (both by weight) 
and permitted to soak until all dry powder is wetted (1-3 
min). Mechanical mixing is preferable for complete 
elimination of pinholes and the production of uniform 
slurry. A 2- or 3-in., 3-blade standard pitch propeller

rotating at 1760 rpm is recommended; the direction of 
rotation forces the slurry downward.

The propeller should clear the bottom  of the mixing 
bucket by 1 to 1 Vi in. and should be centered about 
midway between the center and the side of the container. 
The mixer shaft should enter the bucket at an angle 
15-20 degrees from vertical. Bucket dimensions should 
be such that the depth of the slurry is 1Vi to 2 times the 
diameter. Mixing is performed for 1 to 3 min, as re­
quired for plaster to cream. Mixing should be per­
formed for 3 to 5 min after soaking, when hand mixing, 
to produce a uniform slurry.

Molds should not be poured until a slight thickening 
or creaming occurs with either hand or mechanical mix­
ing, particularly when thin mixes are used. Mechanical 
vibration during pouring of the molds helps to reduce 
pinholes and produce smooth mold surfaces.

In order to remove the set-up plaster from the pat­
tern, the pattern must be covered with a thin film of a 
separating medium. A light coating of lard oil, paraffin 
oil, or potter’s soap should be applied to the pattern. 
One mixture which has proved successful is composed 
of 75% kerosene, 25% light machine oil, with 0.1 % 
wetting agent added.

Another widely used parting medium is made by 
shaving 6 oz. of stearic acid into 3 pts of hot kerosene; 
0.1 oz of wetting agent dissolved in this solution pro­
motes even coverage of pattern surfaces. The mixture 
should be used warm. The use of heavy greases should 
be avoided because they result in soft mold surfaces and 
loss of detail.

When the final pour of plaster has set completely, the 
mold is parted at its central plane and the pattern 
removed.

Whether in the form of a piece mold (a mold made up 
of several parts) or the more conventional cope and drag 
type, an air jet has been found quite effective in remov­
ing the pattern from the set plaster. A high-pressure air 
jet directed at the joint of the metal casting plaster and 
the pattern will loosen the pattern so that it may be 
removed from the mold. Another method is to make a 
small hole with a nail through the plaster mold to the 
pattern. An air jet directed into this hole will release the 
pattern from the set plaster.

After the plaster has set and the pattern has been 
removed from the mold, the parts of the mold should be 
laid face up or on edge on a flat, perforated metal plate, 
a rigid metal grid, or other level support, and placed in 
the drying oven.

The time necessary to properly cure a plaster mold 
depends upon several factors:

1) Degree and volume of heat employed
2) Circulation of gases
3) Weight and thickness of mold and surface exposed
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If an oil or gas oven which will attain a temperature 
of 1400F (760C) is available, the molds may be dried 
and calcined rapidly by placing the wet molds in the fur­
nace at full heat. The mold temperature should be moni­
tored, and the amount of time and furnace temperature 
necessary for the mold to reach a maximum center tem­
perature of 700-900F (371-482C) should be noted.

Tolerances

With plaster mold casting, in general, a dimensional 
tolerance of plus or minus 0.005 in. can be held. Where 
the dimension crosses the parting line the tolerance is in­
creased to plus or minus 0.010 in., per inch. In par­
ticular portions o f a casting, however, more exacting 
tolerances can be expected.

Typical Applications

Industry has found many applications for plaster mold 
castings. Their uniform, homogeneous grain structure 
has made them highly acceptable for use in electronic 
equipment, for which purpose the slightest porosity or 
imperfection would' be unacceptable. Such items as 
cable clamps, poleline hardware, wire connectors, brush 
holders and contactors can be cast in plaster molds from 
high-conductivity copper. Other electrical components 
can be cast from silicon bronze, manganese bronze, 
aluminum bronze, or yellow brass alloys.

An outstanding application of the plaster mold proc­
ess is the casting of impellers in copper-base alloys. By 
means of intricate cores, laborious and costly machining 
and hand-filing operations can be eliminated.

Shrouded impellers are cast in one piece. The effi­
ciency of an impeller depends upon the condition of the 
inside surface. Impellers cast in plaster have a high effi­
ciency, because cored interior surfaces have the same 
satin smooth finish as external surfaces. Here, too, a 
wide variety of castable alloys provide high strength and 
good corrosion resistance.

Gears are an ideal application for the plaster mold 
process. Several alloys can be used for gear production, 
making a wide range of mechanical properties possible. 
Hobbing, milling, and much costly machining are en­
tirely eliminated in the production of bevel gears, racks, 
spur gears, etc. The teeth and pitch diameters are held to 
close tolerances and, in most cases, are ready for im­
mediate installation. Where an application requires ex­
tremely close tolerances, the gear may have to be sized. 
Gears cast in plaster molds are used to replace costly cut 
gears in the manufacture of outboard motors, washing 
machines, vending machines, gas meters, communica­
tion control units, and so on.

In addition to the above-mentioned applications, this 
process is well suited for the production of hardware 
such as fittings, hinges, sprockets, and plumbing sup­

plies. Sparkproof tools such as wrenches, pliers, screw­
drivers, and so on, which are used in explosive en­
vironments can be cast in beryllium copper or other 
high-strength copper-base alloys.

The railroad industry uses many plaster mold castings 
such as locks, handles, lighting fixtures, ornamental and 
miscellaneous hardware, and plumbing supplies. The 
aircraft and marine industries also utilize this process to 
cast hydraulic system parts, instrument fittings, control 
mechanisms, wing nuts, communications parts, and 
many other larger parts.

INVESTMENT CASTING
The investment casting process is characterized by the 
unique manner in which the mold cavity is created. 
Unlike other casting processes, investment casting 
utilizes expendable patterns which are completely sur­
rounded or invested—that is, with no parting lines in the 
mold, using a molding aggregate in slurry form. The 
slurry hardens by chemical reaction. Patterns are most 
often made of fusible materials such as waxes, plastics, 
or fusible alloys (at one time, even frozen mercury was 
used) which permit their removal from the mold by 
melting-out. Since wax was commonly used for cen­
turies, the process has also come to be known as the 
lost-wax, or cire-perdue process.

As an art casting technique, the investment casting 
process has been used for centuries in the production of 
statuary and fine jewelry, utilizing fireclay washes to  in­
vest the wax patterns produced from the original art. 
Natural plant and animal specimens have also been used 
as patterns, in which removal is accomplished by total 
ignition and extraction of residual ash. Ancient artifacts 
of this type, cast in gold and silver as well as in bronze, 
have been found in the archeological remains of many 
early cultures.

Prior to about 1940, the m ajor commercial applica­
tions of the investment casting process were for the pro­
duction o f statuary, jewelry, and dental hardware 
(crowns, bridges, and inlays). The molds for small, in­
tricate castings were frequently centrifuged, or spun, at 
low speeds to assist the filling of the mold cavity.

The potential of the investment casting process as a 
means for producing intricate, precision parts requiring 
little or no machining was first exploited commercially 
during and after World War II, especially for the casting 
of refractory alloys. Since that time, the technology of 
the process and its materials, as well as its autom ation, 
have progressed to the point that investment casting is 
now a most im portant commercial process. Examples of 
high-precision, investment-cast parts are shown in Fig. 
3-33.

There are two modifications of the investment casting 
process: 1) investment flask casting, which utilizes a
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Fig. 3-33. Beryllium copper radar com ponents produced  from  investm ent castings (Courtesy Gorham Electronics, Providence, RI)

solid mold contained in a flask; and 2) investment shell 
casting, in which the pattern material is enclosed in a 
shell of the molding aggregate, sufficiently strong to 
permit pattern removal and casting. The latter is obvi­
ously more economical in terms of consumption of 
mold material and is generally restricted to smaller 
parts. A flow-chart for each of these process modifica­
tions is shown in Fig. 3-34.

The first step of any investment casting process is the 
production of expendable patterns of specially formula­
ted waxes or plastic. Commercially, these are produced 
by hot injection into relatively complex, expensive steel 
dies. The dies can vary in their degree of mechanization, 
the simplest type being manually operated and the most 
complicated type being fully automated with multiple 
side-pulls (impeller blades, and so on). As with pressure 
die casting and permanent mold casting, the initial cost 
of tooling is a m ajor consideration in the selection of the 
process, since this cost must be amortized against pro­
duction within a reasonable and economic time period.

The cavities in the pattern dies are provided with tri­
ple shrinkage allowances, taking into account the antici­
pated dimensional changes of the pattern, the mold 
(during drying and firing), and the casting. Properly 
sized patterns are cleaned, inspected, and then assem­
bled by means of gates and risers to a suitable runner 
and/or sprue system. This system includes a pouring 
cup and sufficient individual runners to direct the

molten metal through the gates into the mold cavities. 
The pattern pouring system is assembled by use of 
heated tools resembling electric soldering irons. The 
“ tree” or “ cluster” thus produced may be comprised of 
dozens, or even hundreds of patterns, depending on 
their size and complexity. The pattern assembly is now 
ready for investment.

If the solid mold method is to be used, the pattern 
assembly is placed in an inverted position on a pedestal 
and is then surrounded by a flask which is sealed against 
the pedestal. Slurry is then poured into the flask to in­
vest the pattern cluster, with vibration or low vacuum 
applied in order to dislodge and remove any bubbles of 
entrained air. The mold aggregate is then allowed to 
harden chemically. With the shell process (which in­
variably utilizes a ceramic slurry), the pattern cluster is 
first dipped into the slurry to form a thin, continuous 
bubble-free coating. Shortly afterward, the coated as­
sembly is uniformly covered with a dry, granular refrac­
tory layer. This alternate dip-coating and dusting with 
granular material is repeated until the desired shell 
thickness is obtained. The ceramic shell is then allowed 
to harden and dry. The purpose of the shell-building 
technique just described is to minimize mold shrinkage 
and cracking tendency, while utilizing a minimum of 
mold aggregate material.

After the molds have been dried, the patterns can be 
removed by a process known as dewaxing, a term ap-
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Fig. 3-34. Basic production  steps fo r  investm ent casting methods.

plied whether the patterns are made of wax or of plastic. 
This critical process, involving the heating of the entire 
pattern/m old assembly, involves the pattern material 
melting and draining from the mold with any residual 
material being completely vaporized or oxidized. Undue 
expansion of the pattern material during the early stages 
of dewaxing can cause cracking and destruction of the 
shell-type mold which, at this stage, is still relatively 
weak. To minimize problems of mold crazing or crack­
ing, or combustion of the melted wax, dewaxing is nor­
mally done under pressure in an autoclave. Following 
the low-temperature dewaxing cycle, molds are slowly 
heated for final firing at incandescent temperatures.

The fired molds, often preheated, are subsequently 
cast. They may be gravity-cast in a conventional m an­
ner, vacuum-cast, low-pressure cast, or centrifuged. 
After the metal has solidified, the ceramic mold m ater­
ial is broken away and castings are cut from gates and 
finished. Vapor-blasting with fine abrasive effectively 
removes adherent ceramic without destroying casting 
finish and accuracy.

Advantages o f  Investment Casting
• With investment casting processes, very intricate, 

complex castings with thin walls and smooth surface 
finish can be produced.

• Investment casting provides a normal linear tolerance 
of ± 0.005 in. for dimensions up to one inch, with an

additional ±0.005 in. for each inch thereafter. Closer 
tolerances are actually possible, depending on the 
alloy selected and the configuration of the part.

• When using this casting process, there are relatively 
few limitations on the type of alloy which may be 
cast.

Shaw Process
In the Shaw process, a ceramic slurry is used as a 
molding aggregate in conjunction with conventional 
types o f patterns and flasks. In this respect, the Shaw 
process is analogous to the Capaco process for plaster 
mold casting, which was described earlier. The Shaw 
process is not directly competitive with the lost-wax, in­
vestment casting process since the largest castings nor­
mally made by investment casting represent the smallest 
which are applicable to the Shaw process.

With this process, split molds are made by pouring a 
refractory slurry over a prepared pattern. In a m atter of 
minutes the mold can be stripped from the pattern and 
then immediately flamed. Assembled molds are fired 
and can be poured while the mold is red hot or at lower 
temperatures.

This method may be used for castings of aluminum, 
magnesium, brasses and bronzes, cast iron, carbon 
steels, low and high alloy steels and super-alloys.
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Materials
The refractory slurry is composed of a mixture of coarse 
and fine sillimanite, hydrolyzed ethyl silicate, and a li­
quid catalyst. These are mixed together in less than a 
minute and poured’ over the pattern. Subsequent gela­
tion of the slurry can be controlled by the amount of 
catalyst used. During the gel stage the mold is moder­
ately flexible which facilitates the stripping operation.

Following stripping, the mold is flamed with a high- 
temperature gas flame. The mold continues to support 
combustion due to its alcohol content. Flaming causes 
the mold surface to form a system of craze-cracks. 
Crazing is progressive throughout the mold mass pro­
ducing a mold of high permeability and partial immu­
nity to thermal shock.

After the closing operation, the mold is fired at red 
heat for approximately 1/2 hr per inch of mold material 
thickness. This further strengthens the bond and pro­
duces an inert, gas-free, erosion-resistant, collapsible 
mold which can be poured hot or cold.

Pattern Materials & Equipment

There have been a variety of pattern materials used for 
the Shaw process. These include wooden, metal, plaster 
and plastic patterns. Wooden patterns, however, tend to 
change dimensions due to moisture absorption despite 
the application of wax. Since the casting can be no more 
accurate than the pattern from which it is produced, 
molds from mounted aluminum and brass patterns pro­
duce castings that are the most accurate and smooth.

Since the mold material is poured over the pattern 
rather than being rammed against it, there is negligible 
wear on patterns over a period of time. Low pattern 
costs permit design changes to be made quickly and very 
inexpensively. The use of conventional types of pattern 
equipment that contain a parting, however, reduces the 
dimensional control obtainable at right angles to the 
parting.

FLOW CHART 

Sillimanite Catalyst Ethyl Silicate Binder Pattern

Apply fluid release

—• mix_ T
mix

pour slurry
 1-------
set & draw f------

set cores
— I—

close & paste  f -

fire mold
— 1—

pour casting

Shaw Process Advantages
The advantageous features of the Shaw process include 
the following:

1) Very thin sections can be cast since high mold and 
metal temperatures can be employed.

2) Castings with excellent surface finishes can be ob­
tained. For instance, a finish of 125 micro-inch or 
better is obtained in the casting of steel.

3) Design complexity far exceeding that of conven­
tional sand castings is possible. This is because the 
fluid mold material becomes strong, smooth, and 
yet at one stage flexible, making possible a mold 
release from the pattern with no draft. Thus, a 
mold is produced with faithful registration of 
detail.

4) Dimensional tolerances o f ±0.003 to ±0.015 in. 
are obtainable, depending on section size and con­
figuration. The process is good for prototype 
work.

5) Low pattern costs are significant when production 
rates are low.

6) Simplicity of pattern construction and molding 
procedure allows short lead times.

7) The process is adaptable to a wide range of casting 
sizes.

8) Due to the inert and erosion-resistant properties of 
the mold material, metal sections are unusually 
clean and free from gas defects—providing that 
furnace and ladle slag is not entrapped in the 
metal.

Process Limitations
While the Shaw process has many significant advan­
tages, it also has limitations and may not be a process 
that will compete with investment casting for long runs 
when the castings are in the size range considered typical 
for investment castings. Also, casting tolerances may 
not be as good as with the investment process, particu­
larly across parting lines.

The following designs tend to be undesirable for pro­
duction with the Shaw process:

1)Thin, flat, rangy components.

2) Designs necessitating large print areas.

3) Designs requiring deep mold pockets.

The nature of the Shaw process is such that high 
material and labor costs are incurred. The use of ex­
othermic materials helps to reduce these costs and im­
proves casting quality. An evaluation of the advantages 
and limitations of the process indicates a definite place 
for it in the precision casting field.

The Shaw process may, therefore, be considered an 
im portant supplement to existing casting methods, add­
ing much needed flexibility to casting design and pro­
duction by offering a quality range intermediate to that
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TUNDISH

Fig. 3-35. Diagram matic arrangement o f  original Tin 
Research Institute vertical casting system  fo r  bronze rod, 
with secondary water cooling.

1 Melting furnace
2 Holding furnace
3 Primary cooling system (water-jacketed graphite die)
4 Secondary cooling station
5 Withdrawal machine

Fig. 3-36. Schematic layout o f  horizontal continuous casting 
equipm ent (Courtesy A lfred  Wertli, L td ., Winterthur, 
Switzerland)

Table 3:9 - Typical Continuous Casting Parameters

Alloy Composition
S e c tio n ,

in.
T u n d is h ,

°C
ton
sec

tofl
sec

S
in./m in

V
in ./m in

L.P.D. Copper 1.25 1200 2 5 24 7
Gunmetal 85-5-5-5 0.5 1210 4 4 10 5

81-3-7-9 1.25 1170 2 2 24 12
3.0 1150 2 4 13 4.3

Tin Bronze 90-10 0.125 1225 0.5 0.5 18 9
0.5 1200 2 2 9 4.5

1.25 1150 1 1 18 9
3.0 1120 2 4 12 4

Brass 10 ZN 1.25 1160 3 2 24 14

20 Zn 1.25 1140 2 3 24 9.6

30 Zn 1.25 1100 2 2 24 12

40 Zn 1.25 1070 0.2 6 54 2

40 Zn 3.0 1070 0.2 7 180 5.0

Mn Bronze 1.25 1050 0.2 10 84 2.0

AI Bronze 8 AI 1.25 1150 0.2 4 130 6.5

8 AI 3Pb 1.25 1150 0.2 4 130 6.5

9 AI 5 Fe 5Ni 1.25 1170 0.2 4 180 10

7 A L 3 Si 1.25 1150 0.2 4 130 6.5

t„n = Period of extraction, rolls ON 
t„H = Dwell period, rolls OFF

of conventional sand casting and precision casting. The 
Shaw process provides many of the advantages of preci­
sion casting at a lower cost.

CONTINUOUS CASTING
Approximately 90% of the annual production of 
copper-base alloys consists of wrought shapes such as 
sheet, strip, wire, tubing, and rods which are derived 
from cast shapes, most of which are produced by con­
tinuous casting. In addition, a substantial quantity of 
material is continuous-cast for direct machining into 
parts such as bearings, bushings, gears and tubular 
shapes. The technology of the continuous casting proc­
ess is well developed but neither widely understood nor 
applied in the typical copper-base alloy foundry. The 
continuous casting process offers the progressive foun­
dry an opportunity to diversify its product mix and

Roll speed during t„n 

Casting rate =  t„nS

ton +  foil

minimize the cost of production of regular geometric 
shapes of the types described above. A modest capital 
investment in continuous casting equipment can provide 
significant returns as compared with investing in the 
production o f similar shapes by the more conventional 
processes.

Equipment and Process Parameters
As shown in Fig. 3-35, the basic equipment for con­
tinuous casting is comprised of a tundish for holding the 
molten metal, attached directly to a machined graphite 
mold of the desired cavity configuration. (The mold is 
fitted with an additional graphite mandrel if hollow cast 
sections are to be made). The lower end of the mold is 
fitted with a water jacket for heat extraction, an extrac­
tion bar for closing the lower end of the mold during 
start-up operations, and an extraction mechanism 
(usually in the form of power-driven rolls).
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Fig. 3-37. Sections o f  cast shapes produ ced  in a vertical, 
closed-head continuous casting system . H ollow  shapes result 
fro m  use o f  an uncooled graphite m andrel suspended in the 
mold.

The extraction mechanism serves to withdraw the 
solidified shape from  the mold at the rate the casting 
solidifies by water-cooling. Additional water-cooling 
spray may be provided below the mold in order to ac­
celerate solidification and increase casting rate.

In modern practice, the top of the mold may be at­
tached directly to the crucible of the holding furnace 
rather than to an open tundish. This is referred to as 
closed head casting. For smaller sections, the graphite 
mold may be provided with more than one cavity; alter­
natively, more than one mold may be fitted to the bot­
tom of the crucible. These techniques permit multiple 
strands to be cast simultaneously.

Continuous casting can also be done horizontally, as 
shown in Fig. 3-36. The same basic features apply to 
both processes.

Although the process is called “ continuous,”  extrac­
tion is actually performed intermittently at intervals of a 
few seconds. This delay period allows time for a short 
length of the casting to solidify before it is withdrawn 
from the bottom  o f the mold. Parameters such as cast­
ing temperature, delay time between extractions, and 
roll speed depend upon the section thickness being cast 
(and cooling rate) and also upon the characteristics of 
the individual alloy. These relationships are shown for a 
series of copper-base alloys in Table 3-9. Examples of 
cross-sectional shapes which can be cast are shown in 
Fig. 3-37.

The improved mechanical properties of parts pro­
duced by continuous casting can be noted by comparing 
the values listed in ASTM B505 with those for the same 
alloy in the form of sand castings (ASTM B584, for ex­
ample). These intrinsic metallurgical advantages, com­
bined with the high yield (98%) of the continuous 
casting process and the low cost of operation, have been 
widely exploited in the production of leaded bushing 
stock, particularly of alloy C93200.

Safety
Machine processes for continuous casting involve the 
close proximity of relatively large amounts of molten 
metal and water. To avoid the potential for explosions to 
occur, care must be taken to avoid contact between the 
two. Piping systems must be shielded against damage 
which would cause leakage and, even more importantly, 
any runout of molten metal from the furnace or mold 
must be channeled away from any wet surfaces.

S A N D  C A ST I N G  P R O C ES S ES

BIBLIOGRAPHY

American Foundrym en’s Society. Foundry Sand Handbook. 7th ed 
(1963).

K. Beckius. “ Olivine Sand— Recent Research and E xp er ience/’ 40th 
International Foundry Congress, M oscow , 1973.

D . Boenisch and B. Koehler. “ Sand Compaction and Grain Rupture 
in High-Pressure M olding M achines.” International Cast Metals 
Journal (March 1978):34-40.

J. B. Caine and C. E. M cQuiston. “ The Theoretical Concepts o f  the 
Packing o f  Small Particles.” AFS Transactions 66 (1958):36.

A . S. Coulter. “ Humidity and Oil Sand C ores.” Foundry 61, no. 2 
(Feb. 1933):13.

T. H . Davies. “ Bonding Clays and Temper Water in a Green Sand 
M olding System .” Green Sand Technology Proceedings o f  AFS- 
CMI Conference, Des Plaines, IL (March 23-24, 1983):73—86.

H . W. Dietert and E. W oodliff. “ A  Study o f  Core H ardness.”  AFS 
Transactions 45 (1937):545.

H . W . Dietert. “ Balling and Clustering in Green M olding Sand M ix­
tures.” AFS Transactions (1973):49-58.

H . W. Dietert and F. Valtier. “ The Expansion and Contraction o f  
M olding Sand at Elevated Temperatures.” AFS Transactions 43 
( 1935): 107.

H . W . Dietert and A . L. Graham. “ Ramming o f M olding Sands.” 
AFS Transactions 61 (1953):490-501.

G. Edgington. “ Oil-Sand C ores.” Foundry Trade Journal 31, no. 451 
(April 9, 1925):315.

R. B. Fischer. “ Som e Factors A ffecting Metal Penetration o f  Navy 
‘M ’ Bronze in C ores.” AFS Transactions 62 ( 1954): 199.

T. E. Garner, Jr. “ M ineralogy o f Foundry Sands and Its Effect on 
P er fo r m a n c e  and P r o p e r t ie s .”  A FS T ransaction s  85 
(1977):399-415.

E. Gentry. “ Thermal Stability o f  Carbon Sand and Other Non-Silica  
M olding M aterials.” The British Foundrymen LX (October 
1967):373-379.

F. P. Goettman. “ Preparation o f  Foundry Sands for M arket.” AFS 
Transactions 55 (1975): 15-24.

H . Gould. “ Olivine for Ferrous and Non-Ferrous C astings.” AFS 
California Regional Conference, AFS Current Awareness no 
CA-79-284 (1977).

R. E. Grim and F. L. Cuthbert. “ Bonding Action o f  Clays; Clay in 
M olding Sand.” Illinois State Geological Report o f  Investigation 
N o. 102 (1945).

T. Hardy. “ Natural Sands o f  M id-Am erica.” Foundry (N ov.
1954) : 114—115.

70



J. G. Hartley and D . Babcock. “ Thermal Properties o f  Mold 
M aterials.” M odeling o f  Casting and Welding Processes, Pro­
ceedings o f  a Symposium sponsored by the Metallurgical Society o f  
AIM E, ASM , and the Engineering Foundation (Rindge, NH  Aug 
3-8 , 1980) :83—92.

J. G. Hartley, D . Babcock, and J. T. Berry. “ The Thermal Conduc­
tivity o f  Bentonite-Bonded M olding Sands.” AFS Transactions 89 
(1981):469-476.

R. W. Heine, E. H . King, and J. S. Schumacher. “ The Problem o f  
Hot M olding Sand.” AFS Transactions (1958).

Dr. F. H offm an. “ Modern Concepts on Clay Minerals for Foundry 
Sands.” The British Foundryman (April 1959).

“ How to A void Sand Segregation.” AFS Transactions 61 (1959):412.

E. L. Kotzin. “ The Application o f  Non-Silica Aggregates for Steel 
and High A lloy Steel Casting Production.” AFS Transactions 
(1981): 15—26.

H. G. Levelink and H . van den Berg. “ Heat Conductivity o f  M olding 
Sand and Quality o f  Casting.” AFS Transactions (1970):410-416.

P . Markwell. “ Zircon Sands— Occurrence and Use in Australian In­
dustry.” AFS Transactions 62 (1954):88.

J. A . Mescher. “ Core Blowing Principles.” AFS Transactions 62 
(1954):600.

AFS M olding Methods ancfMaterials Div. 4, Sand Reclamation and 
Reuse Committee (4-S). “ Reclamation o f  System and Chemically- 
Bonded Sands,” AFS Current Information Report CR 8201 (1981).

O. J. Myers. “ Effect o f  M oisture on Core Sand M ixtures.” AFS 
Transactions 58 (1950):557.

D . O ’Connor. “ Production o f  Bronze Pressure C astings.” AFS 
Transactions 47 (1939):769.

R. H . Olmstead. “ Naturally Bonded M olding Sand.” Foundry (Nov 
1954): 112-114.

“ Recommended Practice for Sand Cast High Lead Bronzes.”  AFS 
Transactions 47 (1939): 195.

“ Recommended Practice for Sand Cast M anganese Bronze.” AFS 
Transactions 41 (1939):562.

H . Ries. “ Foundry Sand.” AFS Transactions 48 (1940):657-666.

H . J. Roast. Cast Bronze. The American Society for Metals, 
Cleveland (1953).

H . Saito, N . Seki, and S. Sakatsume. “ An Investigation o f  Heat 
Transfer Coefficients o f  Some M olding Sands.” AFS Transactions 
(1976):243-248.

C. A. Sanders and R. L. Doelm an. “ The Durability o f  Bonding 
C lays.” AFS Transactions (1967-1970).

C. A . Sanders and R. L. Doelm an. “ Durability o f  Bonding 
Clays— Part IV— An Assessment o f  the Influence o f  Clay Altera­
tion U pon Casting Surfaces.” AFS Transactions 11 (1969).

G. S. Schaller and W . S. Snyder. “ Olivine-Silica M olding Sand.” 
AFS Transactions 62 (1954):413—419.

A . B. Steck. “ Thermal Behavior o f  M olding/C orem aking  
M aterials.” Foundry Trade Journal (April 1, 1971):249-253.

L. E. Stettler et al. “ Physical and Chemical Analyses o f  Foundry 
Sands.” AFS Transactions {1981): 141—156.

Dr. J. R. Van Eeghem. “ Wet Tensile Strength in the Condensation  
Zone, Its Relation to Scabbing Tendency o f Synthetic and Natural 
Bonded Sands.” AFS Transactions 76 (1968).

R. W. W endt. “ Use o f  Blow-In Core Driers.”  AFS Transactions 62 
(1954):427.

C. E. Wenninger and W . J. Lang. “ Sand-Bentonite-W ater Research 
and Basic W ater-Clay C oncepts.” AFS Transactions (1969).

C. E. Wenninger and A . P. Volkmar. “ A New Control Tool: A  
Graph For Evaluating Effectiveness o f  Available Bentonite Within 
Foundry System Sands.” AFS Transactions (1970).

C. E. W enninger. “ Green Sand Processing— An Introduction to Fun­
damental Factors and E ffects.”  AFS Transactions 76 (1968).

AFS PUBLICATIONS AFS Catalog Order Number

AFS/CMI Conference on Green Sand Technology
—Productivity for the 80’s  GM 8301

Metal Casting and Molding Processes .............................GM 8100
Mold and Core Coatings Manual ..................................... GM 8202
The Application of Additives to

■ Clay-Bonded Sand Systems  GM 7901
Core and Mold Process Technology................................... GM 7705
Foundry Core P ractice ......................................................... GM 6612
Furan Resin Airset S a n d s ...................................................GM 7308
Guide to Sand Additives ..............................................  GM 7607
High Pressure Molding Handbook ................................... GM 7402
Mold and Core Test Handbook ..........................................GM 7801
No-Bake Cores and M o ld s ................................... GM 8001
Reclamation of Chemically-Bonded S a n d   .........  CR 7607
Reclamation of System and

Chemically-Bonded Sands ............................................  CR 8201
Shell Process Foundry P ractice..........................................GM 7311
Fundamental Core Technology ........................................ TE 7704
Fundamental Molding Sand Technology ......................  TE 7313
Comparison of Core & Mold Binders ................................CH 7107

P R E S S U R E  D I E C AS TI NG

REFERENCES

1. American Foundrym en’s Society. Metal Casting and Molding 
Processes. Des Plaines, Illinois (1981).

2. International Copper Research Association. Copper A lloy  
Pressure Die Casting. New York (1975).

3. American Society for Metals. Metals Handbook, vol. 5, Forging & 
Casting. Metals Park, Ohio (1970).

4. R. D. Maier and J. F. Wallace. “ Diecasting o f  Copper A llo y s.” 
AFS Transactions 81 (1973): 194—201.

5. L. M cD. Schetky. “ Die Casting Brass.” Diecasting Metal 
Moulding (M ar/A pr 1968):7-8.

6. R. Harrison. “ Brass Pressure D iecasting.” The British Found­
ryman (Jan 1973):23-26.

P E R M A N E N T  M O L D  C AS TI NG

REFERENCES

1. American Society for Metals. Metals Handbook Volume 5, Forging
Casting. 8th Ed., Metals Park, OH (1970).

2. E . L. Kotzin. Metal Casting & Molding Processes. American  
Foundrym en’s Society, Des Plaines, IL (1981).

3. Permanent M old Casting o f  Brass, (in French), C .T.I.F. Publica­
tion G el76 (1966), Paris. English translation available from  
American Foundrym en’s Society as CA Document 74-582.

4. Copper Developm ent Association, Inc. Standards Handbook. 
A lloy D ata/Part 7, Cast Copper & Copper A lloy Products. New 
York, NY (1978).

5. R. A . Flinn, J. Keough, J. Biel, R. Thom as. “ Test Bar 
Designs— Permanent M old Copper A lloy Castings.” AFS Transac­
tions. 89 (1981):465-472.

6. L. V. W hiting, M. Sahoo, D. A . Brown. “ Structure and 
M echanical Properties o f  Aluminum Bronze Alloys Cast in the ISO 
Permanent Test Bar M old .” AFS Transactions 89 (1981):659-670.

71



CENTRIFUGAL CASTING

REFERENCES

1. American Foundrym en’s Society. M etal Casting and Molding 
Processes. Des Plaines, IL (1981).

2. J. F. W allace. “ Engineering Aspects o f  Centrifugal C astings.” 
AFS Transactions 61 (1953):701 —718.

3. C. K. D onoho. “ Centrifugal Casting o f  Steel.” AFS Transactions 
52 (1944):313—332.

4. H. B. Zuehlke. “ Producing N on Ferrous Castings Centrifugally.”  
Foundry (Oct. 1942).

5. O. R. J. Lee and L. Northcott. “ The Centrifugal Casting o f  C op­
per A lloy Wheels in Sand M oulds.” Journal o f  the Institute o f  
Metals (UK) 73 (1946/7):491-520.

6. H . O. Hanson. “ Macrostructural Comparison o f  Centrifugal and 
Static C astings.” Foundry Trade Journal (UK) (Aug. 21 
1969):261-272, (Sept. 18, 1969):441-446

C O N T I N U O U S  C A S T I N G

REFERENCES

1. R. Thom son, F. M ojab, E. C. E llw ood. “ Experimental Observa­
tions on Closed-Head Continuous C astings.” British Foundryman 
62 (1969): 153-159.

2 . R. Thom son. “ Closed Head Continuous C asting.” British Found­
ryman 65 (1972): 138-145, 186-197, and 234-242.

3. D . H . Mandle and T. P . Wertli. “ Horizontal Continuous 
Casting— A  Survey o f  Principle Application & D esign .” Alfred 
Wertli, Ltd., W interthur, Switzerland.

4. C. J. Thwaites. “ The TR1 Vertical Casting M ethod.” Symposium  
on Continuous Casting for Subsequent W orking. Metals and 
Materials 6 (1972) :70—103.

5. R. Thom son. “ Continuous Casting from Graphite M old s.” AFS 
Transactions 79 (1971): 161.

6. UK Department o f  Industry. “ Safety During Semi-Continuous and 
Continuous Casting o f  Copper and Copper-Base A lloys.” Health 
and Safety Exec Report, 1979.

72



Chapter 4 

MELTING EQUIPMENT

INTRODUCTION
As with every other aspect of the foundry business, a 
variety of new developments in metal melting have 
greatly changed the copper-base alloy foundrym an’s 
perspective on this operation.

The economics of melting have changed radically in the 
past ten years. The cost of energy has skyrocketed and 
will probably continue to do so for years to come. Natural 
gas, an almost ideal fuel for melting brass and bronze 
alloys, now costs ten times what it did ten years ago. The 
cost of fuel oil has increased nearly as much, and the cost 
o f electric energy is increasing at the rate of 15 Vo per year, 
or doubling approximately every five years. Capital costs 
o f melting equipment have increased, as have installation 
costs and the effect of inflation on financing costs.

Environmental problems in handling molten metals 
have created another critical area which may even affect 
the foundry’s survival. Requirements for removing 
particulate m atter from the atmosphere and for control­
ling emissions of alloying elements like lead, beryllium, 
or even nickel may be so stringent that the cost of control 
is unaffordable. Employees can no longer be exposed to 
excessive noise or heat. The penalties of OSHA or EPA 
violations can have a harmful effect on the financial well­
being of any business.

Obtaining satisfactory labor for melting operations is 
another problem area. It has become increasingly diffi­
cult to recruit competent personnel for many areas in the 
foundry operation. Unless the job of melting brass and 
bronze can be made more attractive, the time may come 
when no one will want to work in this area.

One final im portan t consideration is the ever- 
increasing demand for higher and more consistent quality 
in the castings produced in copper-base alloy foundries. 
W ith more castings being ordered to meet rigid ASTM 
and ASME specifications and federal regulations, metal 
quality must be dependable. The choice of melting 
equipm ent will be influenced by these increasing 
demands.

TYPES OF EQUIPMENT
Equipment for melting brass and bronze alloys can be 
classified as either fuel-fired or electric. The advantages 
and disadvantages o f each type o f equipment are dis­
cussed in the section “ Choosing Melting Equipm ent.” 
Descriptions of the available equipment follow.

Fuel-Fired Furnaces
The most common fuels »used in melting copper-base 
alloys are natural gas and fuel oil. For the most part, 
either can be used with the same type of furnace merely by

changing burners. Such furnaces melt by burning oil or 
gas with sufficient air to achieve complete combustion. 
The heat produced then melts metal either directly or 
indirectly by heating refractory material that in turn 
transfers heat by radiation or conduction to the solid 
metal. Heat is added until the solid metal starts to become 
liquid; the metal is then sufficiently superheated so that it 
can be transferred and poured into molds. Fuel-fired 
furnaces used in foundries are described below.

Crucible or Pit Furnaces
The crucible or pit furnace is the simplest and most com­
mon type of melting equipment. Non-tilting (pit-type) 
crucible furnaces consist of a steel shell, a refractory lin­
ing, a refractory pedestal on which a crucible sits, a 
refractory cover, and a burner (or burners). The refrac­
tory lining may be prefabricated or rammed into place. 
The burner is usually connected to an external air blower; 
the volume and pressure of air and fuel are metered and 
automatically controlled to provide a constant melting 
atmosphere. Figure 4-1 shows a schematic of a crucible 
furnace. The crucibles are made either of clay-bonded 
graphite or carbon-bonded silicon carbide and vary in 
size from holding capacities of 5 pounds to about 700 
pounds of brass—the usual maximum weight that can be 
safely lifted out of the furnace. Clay-bonded graphite 
crucibles are less expensive and more widely used, par­
ticularly in electric induction melting where the high elec-

Fig. 4-1. Schematic o f  “ lift-ou t”  crucible furnace showing  
various com ponents. Furnace may be either floor-m oun ted  or 
installed in a p it, and m ay be fired  with either gas or fu e l oil.
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Fig. 4-2. B attery o f  gas-fired, lift-out crucible furnaces; note ingots preheating on furnace covers.

trical conductivity of silicon carbide crucibles will cause 
the heat to be concentrated in the crucible instead of in the 
charge.

In fuel-fired or electric resistance furnaces, the higher 
thermal conductivity of silicon carbide assists heat 
transfer through the crucible wall and improves melting. 
These crucibles may also be more resistant to attack by 
certain fluxes. To pour the molten metal directly, the 
crucible is lifted out of the furnace with special weight- 
actuated, equalized clamping tongs. The crucible can also 
be transferred to a pouring cradle for mechanical 
assistance in tilting the crucible while pouring.

This method allows different alloys to be melted in dif­
ferent crucibles, thus avoiding cross-contamination. 
Capital costs are low, although operating costs (crucible 
and fuel) may be higher than for some other methods. 
The furnace should be sized for the type o f casting being 
poured. A crucible’s size number indicates its capacity in 
pounds of aluminum. Since copper is three times more 
dense than aluminum, a no. 50 crucible holding 50 lbs of 
aluminum will hold 150 lbs copper. If many small castings 
are being made and only a limited number of molds can be 
poured because of temperature requirements, a small 
crucible—no. 50 (150 lbs metal) or no. 80 (240 lbs of 
metal)—can be used. For larger castings, a no. 100 (300 
lbs metal) or a no. 225 (675 lbs metal) can be used. In pro­

duction shops, a battery of crucible furnaces, either at 
floor level or in a pit, will facilitate charging and crucible 
lift-out. Figure 4-2 shows a typical installation.

In operation, the furnace and its crucible are usually 
preheated at the beginning of the work day. The first 
charge of ingot, or ingot plus gates and risers, is placed 
into the crucible and melted. The heat is transferred from 
the flame to the refractory, to the crucible, and then to the 
metal. Additional material is added progressively as the 
initial charge melts and sinks to the bottom  of the cruci­
ble. It is good practice to add this material before all the 
metal in the crucible is liquid and to preheat it on top of 
the furnace cover before addition. This practice mini­
mizes the risk of splashing and explosion, or gas pick-up 
from damp material. Also, by utilizing waste heat, this 
charging procedure ensures more rapid and efficient 
melting. After the metal is completely melted and 
superheated (to allow for temperature loss in handling 
between furnace and mold), the crucible is removed from 
the furnace, the metal skimmed and deoxidized (where 
necessary), the temperature measured and, when at the 
proper pouring temperature, the metal is poured.

Most foundries pouring a variety of alloys use separate 
crucibles for each class of alloy. Crucibles can last for 100 
or more heats if care is taken in preheating, charging 
pouring, and mechanical handling.
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. In simple burners, the ratio of air to fuel is constant and 
only volume is adjustable. In complex burners, regula­
tors provide for fine adjustment of either air or fuel to the 
proper ratio, and the operator cannot vary the mixture. 
Melting atmosphere is important in controlling metal 
quality. In the melting of copper-base alloys, it is 
desirable to maintain a slightly oxidizing atmosphere (a 
slight excess of oxygen or C 0 2 in the products of combus­
tion). More sophisticated burner controls usually will 
maintain the proper melting atmosphere and reduce the 
influence of furnace operator adjustments.

Tilting Furnace
When larger amounts of molten metal are needed for 
pouring brass and bronze alloys (such as in high-produc­
tion shops or in making large castings), tilting furnaces 
are frequently used. The tilting furnace is similar to the pit 
furnace in design and operation except for size and the 
tilting mechanism. Tilting furnaces are lined with a clay 
graphite or silicon carbide crucible cemented into the fur­
nace shell with refraetory cement, as shown in Fig. 4-3.

Furnaces can be tilted with a hand-operated gear 
system, a hoist, or a hydraulic tilting mechanism. The 
molten metal is poured into either a refractory-lined ladle 
or a preheated crucible, and then poured into molds. The 
size of the ladle can vary depending on the size o f the 
castings and the number of molds. Generally, a small 
ladle should not be used to pour from a large furnace 
since this requires a high degree of superheat and the fur­
nace can only be emptied slowly. Holding metal for long 
periods at high temperatures is a m ajor factor con­
tributing to gassing of the molten bath and loss of volatile 
alloy constituents (see Chapter 5).

Since alloy changes may require relining or at least 
careful cleaning of the furnace, tilting furnaces are most 
efficiently used when only one alloy is being melted and 
poured. Tilting furnaces can be quite large—up to a no. 
600 crucible (1800 lbs of bronze)—but are not considered 
practical for melting less than 350-400 lbs of metal at one 
time.

The melting procedure for tilting furnaces is similar to 
that described for pit furnaces. Melting times and costs 
are minimized by prom pt reuse of the furnace so as to 
make maximum use of the heat retained in the lining. 
Although melting times will vary with operators and con­
ditions, tilting furnaces can melt approximately 500-600 
lbs of brass or bronze per hour.

A recent development in fuel-fired tilting furnaces is a 
furnace that provides better control o f combustion, 
better insulation of both noise and heat, and easier charg­
ing and pouring. Although the development of this equip­
ment enhances the competitive position of fuel-fired fur­
naces as opposed to electric furnaces, it is too soon to 
determine whether these improvements along with the in­
creased availability of natural gas will renew the interest 
of non-ferrous foundrymen in fuel-fired melting.

Fig. 4-3. Schematic o f tilting-type, fuel-fired crucible furnace, 
showing melting crucible cemented in operating position.

Rotary Furnaces
For pouring large volumes o f molten metal—from 1000 
lbs to as much as 100,000 lbs—rotary melting furnaces 
can be used. While there are variations in designs, most 
rotary furnaces consist of a refractory-lined, cylindrical 
steel shell with the burner at one end and a flue at the 
other. A rotating device is used which completely or par­
tially rotates the furnace during melting. Some furnaces 
tilt on the horizontal axis to facilitate charging and pour­
ing; some pour from an opening at the center of the shell. 
Melting is accomplished both by the action o f the flame 
directly on the metal and by transfer of heat from the 
refractory to the charge by rotation of the shell. Such fur­
naces have long been used in the brass smelting (ingot) in­
dustry and can handle a variety of raw materials satisfac­
torily.

Operator skill is an im portant factor in rotary-furnace 
melting. Close control of furnace atmosphere and bath 
temperature requires experience. The massive refractory 
lining becomes impregnated with the metal being melted, 
so only alloys within a narrow composition range can be 
melted without serious danger of contamination.

Reverberatory Furnaces
The reverberatory furnace, almost always stationary, is 
characterized by a large, rectangular, shallow hearth (so 
that the metal bath has a large surface-area). The flame 
source is at one end, and melting is accomplished both by 
direct flame impingement on the metal charge and by 
reflected heat from the refractory roof. Large furnaces of 
this type are traditionally used in the brass ingot smelting 
industry and may hold up to 200,000 lbs of metal. Small
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stationary reverberatory furnaces were popular in some 
high-production foundries many years ago because of 
their ability to melt almost continuously; however, 
serious refractory problems and minimal temperature 
control of the molten bath eventually led to their replace­
ment.

Electric Furnaces
Although copper-base alloys have been melted with elec­
trical energy for well over 50 years, there recently has been 
a marked transition from fuel-fired melting equipment to 
electric melting equipment. Both the threat of a possible 
fossil-fuel shortage and the fact that electricity can be 
produced from a variety of sources (such as oil, gas, water 
power, and nuclear power) have been factors contribu­
ting to this transition. Advantages other than energy 
availability have also prompted foundries to convert to 
electric melting equipment, and these will be discussed.

Induction Furnaces
The use o f induction melting equipment, particularly 
medium- or high-frequency coreless induction furnaces, 
has become the most popular and rapidly growing 
method for melting brass and bronze alloys. The princi­
ple of induction melting is analogous to that of a 
transform er wherein the metal charge (the secondary) is 
surrounded by a water-cooled coil (representing the

primary). When the coil is energized, electric energy is in­
duced into the metal charge where it builds up heat in the 
metal until the metal melts and becomes superheated.

The recent transition from the older motor-generator 
sets to solid-state electrical conversion has greatly con­
tributed to the increased use of induction furnace equip­
ment. Today’s induction power units basically draw 
440-volt, 60-cycle power and by means of solid-state elec­
tronic devices convert the power to 440 volts, 180 cycles 
(180 hz), 540 cycles, 980 cycles or even 3000 cycles. This 
conversion can be accomplished in a number of ways; 
however, only the equipment most suitable for foundry 
melting of copper-base alloys will be considered here.

Most of the power units designed for use in non-ferrous 
foundries are medium- or high-frequency units—600 
cycle (600 hz), 1000 cycle (1000 hz), or 3000 cycle (3000 
hz). Induction furnaces are characterized by electromag­
netic stirring of the metal bath. Because the am ount of 
stirring is affected by both power input and power fre­
quency, the power unit size and frequency should be coor­
dinated with the furnace size in order to obtain the 
optimum-sized equipment for any specific operation. 
Most copper-base alloys are melted in 1000-cycle or 
3000-cycle units, depending on the size o f the furnace; 
larger melts are usually handled with 1000 cycle (or lower)
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frequencies. Input power ratings may range from as little 
as 1 to 5 kw for special purpose units where only 5 to 10 lbs 
of metal are required, up to 750 kw where 3000-4000 lbs 
of metal are needed. Since melting rate is a function of 
power input, a foundry’s molten metal requirements will 
dictate which equipment will be most efficient.

A coreless induction furnace is comprised essentially o f 
a water-cooled copper coil in a furnace box made of steel 
and /o r transite. The metal is contained either in a cruci­
ble (similar in size and shape to that used in fuel-fired fur­
naces) or in a refractory lining that is rammed up to the 
coil. Though a variety of designs are available, these fur­
naces are of two general types—tilting and stationary.

Tilting furnaces are similar in concept to those 
available as fuel-fired equipment; they consist of a box 
with either a crucible or, more often, a refractory lining 
rammed in next to the coil. They can be tilted with a hoist 
or with a hydraulic lifting system. The molten metal is 
transferred into a ladle which, in turn, is used to pour the 
molds. Figure 4-4 shows a typical configuration.

Non-tilting (stationary) furnaces are of three distinct 
types, each characterized by the different methods used 
to remove the crucible for pouring. In the “ lift-swing” 
design, the coil (and box) is cantilevered from a center 
post and can move up and down vertically and swing hori­
zontally about the post in a 90 ° arc. Since there are two 
crucible positions, one crucible can be poured, re­
charged, and made ready to melt while the other is 
melting. When the metal is ready to pour, the furnace box 
is lifted (by hydraulic or air cylinders), pivoted to the side 
and lowered over the second crucible. The ready crucible 
is now standing free and can be picked up and poured 
while melting proceeds in the second crucible.

A second type of non-tilting furnace is designed so that 
the furnace box is lifted with a simple hoist. The crucible 
sits on a small cart that moves away from the box so that 
the crucible can be picked up and poured. Again, two 
crucibles can be used.

In a third type of stationary furnace, the coil and box 
(one or two coils in a box) are stationary and are often in a 
pit. As shown in Fig. 4-5, the crucible stands on a refrac­
tory pedestal that can be raised or lowered by a hydraulic 
cylinder. This unit, called a “ push-out”  furnace, 
operates by lowering the crucible into the coil for melting 
and then raising the crucible out of the coil for pickup and 
pouring. Molten metal falling into a pit will sometimes 
damage the hydraulic lifting equipment.

In an operating induction furnace, a power unit con­
tains the solid-state components and necessary controls. 
Suitable power (usually 440V) is fed to the power unit by 
bus bar or cable. One or more furnaces of types previous­
ly described are attached to the power unit by bus bar and 
flexible water-cooled furnace leads. If more than one fur­
nace is installed, switches are provided for transferring 
power to the selected furnace, since only one furnace can 
be run from one power unit at any given time. A water-
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Fig. 4-5. Schematic o f  double pushout-type, coreless induc­
tion furnace (crucible in m elting position  in left-hand view).

cooling system circulates water through the electrical 
components (the furnace coils and the furnace leads), 
removing heat from those elements. The water is then 
cooled and recirculated continuously through the system. 
The waste heat in the cooling water may be recovered for 
space heating. Heat exchangers, however, can be expen­
sive.

For melting, the water supply is turned on and the fur­
nace is charged with metal. The power is turned on and 
adjusted if necessary. Metal is then added to the charge to 
fill the crucible or furnace, which is heated until the 
proper pouring temperature is reached. The power is then 
turned off and, by means of suitable equipment, the 
crucible is picked up or tilted and the metal is poured.

Induction furnaces, because of electromagnetic cur­
rents, cause the molten metal to be stirred. This increases 
uniformity of both alloy composition and molten bath 
temperatures. Because of the rather vigorous stirring 
action, it is difficult to use any type of flux—and none is 
really necessary. Under most circumstances, gassing of 
the molten metal is unlikely because the atmosphere over 
the bath does not contain products of combustion (see 
Chapter 5). It is possible, however, to gas copper-base 
alloys in induction furnaces, especially if the water con­
tent of the ambient air is high, if the metal is excessively 
superheated, or if new crucibles or new linings are not 
thoroughly dry.

Once the power is turned off, the metal cools rapidly 
because it is relatively close to the water-cooled coil and 
both the furnace shell and crucible are cooler than the 
metal. In contrast, fuel-fired furnace shells and crucibles 
are superheated and continue to increase the metal tem­
perature for some time after shut-off. To compensate for 
this, a higher bath temperature may be required in induc­
tion melting to give a constant temperature at the pouring 
station. W ith properly sized melting equipment, it is
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possible to melt metal in an induction furnace in about 
half the time it would take to melt the same amount using 
fossil fuels. Oxidation losses for some alloys may be less 
than  losses experienced with fuel-fired furnaces; 
however, the actual loss depends upon the type of alloy in­
volved, furnace practice, and the nature of the charged 
material. With carefully controlled furnace practice, 
copper-base alloy borings or chips can be melted, 
although these are usually melted in combination with 
heavier material.

Induction melting equipment is usually quiet (no more 
than 85 db). Because there is no combustion, ventilation 
and space heating are under better control since makeup 
air is not needed to replace combustion air or air escaping 
up the hot stack as in the case of fuel-fired furnaces. The 
absence of noise, flame, combustion products, and ex­
cessively high temperatures greatly improves working 
conditions in the furnace area and minimizes pollution 
problems; these factors can influence the attraction and 
retention of good melting personnel.

Other types of coreless induction furnaces, such as line 
frequency (that is, 60-cycle) units are available. These 
furnaces are generally suitable only for ferrous melting 
and are widely used to substitute or supplement cupola 
melting.

Brass mills or large, high-production brass foundries, 
which use a single alloy and require a constant source of 
molten metal, use vertical ring or single-channel type in­
duction equipment, as illustrated in Fig. 4-6.

In these furnaces, the primary coil is interfaced with a 
laminated iron core surrounded by a secondary channel, 
which is embedded in V- or U-shaped refractory material

COVER PNEUM ATICALLY OPER ATED U O

Fig. 4-6. A channel induction furnace is an attractive choice 
for melting a single copper-base alloy. Sectional view shows 
how inductor channel is joined to upper case.

located at the bottom of a cylindrical hearth. This furnace 
stirs and circulates molten metal through the channel, 
and liquid metal must be maintained in the channel at all 
times except during complete shut-down. An entirely 
solid charge cannot be used to begin melting. Charge 
additions are made into the liquid “ heel, ’ ’ which is main­
tained in the bottom  of the bath. The charge fills the 
secondary channel, and because of the excellent heat 
transfer, melting is rapid.

In view of its low cost, simplicity of operation, and 
ability to turn out good metal at high production rates, 
this furnace is best suited for continuous or long produc­
tion runs with a single alloy. This type of furnace may be 
found in high-production, copper-base alloy foundries 
such as those which make castings for plumbing goods.

Indirect-Arc Furnaces
The electric indirect-arc furnace, known as a “ rocking- 
arc”  furnace, enjoyed great popularity in production 
brass and bronze foundries before the advent of solid- 
state induction melting equipment. Its use has diminished 
in recent years.

Rocking-arc furnaces (Fig. 4-7) consist of a refractory- 
lined steel shell which rests on power-driven rollers that 
rock the cylinder. One graphite electrode, supported by 
port blocks, enters the center of the shell from each end of 
the furnace.

Melting occurs when current from the secondary o f a 
transformer passes through two electrodes, which strike 
an arc at the center of the melting chamber. Melting oc­
curs both from the direct radiant heat of the arc and from 
heat absorbed from the radiant-heated lining. Rocking of 
the furnace helps transfer heat from the lining and also 
produces a more homogeneous melt.

Indirect-arc furnaces are generally noisy and may pro­
duce gassy metal unless air is allowed to flow through the 
electrode port to increase oxidation (which also increases 
electrode consumption). Indirect-arc furnaces are limited 
to melting batches of a single alloy, or alloys of similar 
compositions, since switching alloys may cause contami­
nation from metal absorbed by the lining. Such furnaces 
handle borings efficiently and, if properly adjusted, pro­
vide good melting rates. Lining condition is an im portant 
factor in obtaining good productivity, and careful main­
tenance is essential.

Resistance Furnaces
The newest type of electric melting furnace is based on 
very old electric heating technology involving passing a 
current through a material which can become incandes­
cent from electrical resistance. In the past, this technique 
was used for heating applications and holding pots rather 
than for alloy melting. Recent improvements in materials 
and electrical circuiting have resulted in new furnace 
designs which are claimed to be capable o f melting 
copper-base alloys.
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Fig. 4-7. Cutaway drawing showing basic design and construction o f  indirect-arc (rocking) furnace.

Resistance furnaces outwardly resemble crucible 
melting furnaces. Metal is charged into silicon-carbide 
crucibles and heated by the effects of both radiation and 
conduction. The resistance elements operate at approx­
imately 3000 F (1650 C) and the furnace is well-insulated; 
thus, the crucible heats up rapidly, and provides melting 
rates comparable to those of other melting units.

Because this type of melting equipment is still new in 
the United States, a limited amount of data based on ex­
perience is available. Claims have been made, however, 
that resistance-furnace melting efficiency is higher than 
for fuel-fired or induction furnaces, that refractory life is 
excellent, that the furnace is non-polluting and does not 
require extra ventilation equipment, that it does not pro­
duce noise or smoke, and that oxidation losses are very 
small because the metal bath is not agitated during 
melting. This type o f furnace is ideally suited for con­
tinuous casting or permanent molding operations where 
the metal must be held at constant temperatures for long 
periods. Maintenance costs are reported to be low.

Depending upon the size, a resistance-type furnace can 
melt between 150 lbs of brass or bronze (rated at 30 kw 
maximum input) and 2000 lbs of brass or bronze (in a 
tilting-type furnace rated at 250 kw maximum input). The 
cost of resistance furnaces are about the same as for in­
duction melting equipment; installation costs are com­
parable to or less than those for induction equipment.

CHOOSING MELTING EQUIPMENT
Because of the variety of melting methods and equipment 
available, each of the factors discussed below should be 
considered when choosing a furnace.

Operational Requirements
Among im portant operational considerations are: 1) the 
am ount of metal needed at one time to pour off available 
molds; 2) the am ount of metal production needed over a 
certain period of time (per shift, per day, and so on); 3) 
whether it is necessary to change quickly from one type of 
alloy melted to another; 4) whether production involves 
many molds of light-weight castings or fewer molds of 
heavy castings.

For maximum flexibility, a furnace should be used 
which utilizes a single crucible for both melting and pour­
ing, such as fuel-fired pit furnaces or push-out induction 
furnaces.

If many small molds are to be poured or if very close 
control of the pouring temperature is required, small 
crucibles (no. 50 to no. 100) will probably be best. Larger 
tilting furnaces may also be used, in combination with 
smaller pouring ladles. In this way, any amount of metal 
can be taken from the tilter at one time. However, care 
must be taken to avoid excessively long holding periods 
for the molten metal bath in the furnace.

If large quantities of a single alloy are required, chan­
nel induction furnaces may be the most efficient. Large
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tilting furnaces, either fuel-fired or electric (induction or 
resistance), may be satisfactory as well. If many alloy 
changes are to be made, removable crucible furnaces are a 
necessity. By using a number of crucibles, a variety of 
copper-base alloys can be poured without the risk of alloy 
contamination.

ENVIRONMENTAL CONSIDERATIONS 

Noise
Fuel-fired furnaces are generally noisier than induction 
melting equipment and may exceed 110 db, although one 
m anufacturer claims that its gas-fired tilter meets OSHA 
noise regulations. Most m anufacturers o f induction fur­
naces will warrant that their operating equipment will not 
exceed 85 db. Arc melting furnaces generate considerable 
noise that normally exceeds OSHA requirements.
Heat
Fuel-fired furnaces by their very nature produce con­
siderable heat in the immediate vicinity o f the furnace. If 
hot exhaust gases are not vented away by means of fur­
nace hooding and ducting, heat escapes to the surround­
ing atmosphere and causes discomfort for personnel in 
the immediate area. Since radiation accounts for much of 
the heat transfer in fuel-fired furnaces, the furnace and 
crucible must be superheated well above the metal 
temperature. Whenever the furnace cover is removed for 
recharging, or the incandescent crucible is removed for 
pouring, considerable heat is radiated to the working area 
which makes it necessary that furnace crews wear protec­
tive clothing.

Because, in induction-melting crucible furnaces, only 
the top o f the metal bath is exposed, radiation losses are 
small and there are no exhaust gases to heat up the at­
mosphere in the melting area. Although melting depart­
ment personnel must wear some protective clothing, it is 
generally more comfortable to operate induction fur­
naces than  it is to  operate fuel-fired equipm ent. 
Resistance-type melting furnaces, while producing no ef­
fluent hot gases, do melt by heating up the crucible to in­
candescence. Hence, removal of the crucible from the 
furnace for pouring may create problems similar to those 
encountered with fuel-fired crucible equipment.

Since metal transfer from any kind o f tilting furnace 
into a pouring ladle generates a certain amount of 
splashing and gives o ff heat to the atmosphere, protective 
clothing is recommended for personnel.
Smoke and Fumes
In gas or oil melting, since both flame and refractory 
temperatures are high and approximately 90% of the 
energy goes up the stack, there is considerable potential 
for smoke and fume problems. If high-zinc alloys are 
melted, or if the molten bath is allowed to  superheat ex­
cessively, volatile alloy components may be driven off 
creating a serious effluent problem. Zinc and lead both 
oxidize preferentially and* create smoke and fume prob­
lems which require extensive furnace hooding and fume 
collection equipment.

Induction and resistance furnaces, while not fume- 
free, are considerably more so than are fuel-fired fur­
naces. If the metal bath is excessively superheated, 
volatilization of zinc and lead will occur; however, since 
there are no combustion gases present, fewer effluents are 
produced, and simpler collection equipment is required. 
In this way, electric melting greatly reduces smoke and 
fume problems for any given alloy and degree of 
superheat.

ECONOMIC CONSIDERATIONS 

Melting Costs
The costs of electric energy, natural or propane gas, and 
fuel oil have increased at an alarming rate in recent years 
and further increases can be anticipated. Sales prices of 
castings have also increased, but not at the same rate as 
direct melting costs.

The cost o f converting a pound o f copper-base alloy 
from room temperature to pouring tem perature will vary, 
depending on the location of the foundry and the relative 
fuel costs at that location. These relative costs are 
changeable, and future costs are difficult to predict. 
Also, fuel consum ption varies between foundries, 
depending on the equipment, melting practices, alloys, 
pouring temperatures, and shift lengths being used.

A very general comparison of melting-energy costs can 
be made from the following fuel consumption require­
ments, each based on melting one ton (2000 lbs) of alloy 
and raising it to  its pouring temperature:

Gas-fired crucible: 5000 ft3 natural gas @ 1000 Btu ft3

Oil-fired crucible: 35 gal fuel oil @ 180,000 Btu/gal 

Electric induction crucible: 350 kwh 

Labor Costs
In the selection of melting equipment, another im portant 
consideration is the availability o f labor. All foundries are 
finding it difficult to attract employees; many foundry 
operations create unattractive workplaces due to noise, 
heat, and the nature of the work—particularly in the 
melting operation. In order to attract and retain compe­
tent personnel, the working conditions in melting depart­
ments must be improved.

Since electric equipment is more comfortable to work 
around than is fuel-fired equipment, the use o f electric 
furnaces should make it easier to attract employees for 
the melting department. Also, the actual cost of labor 
may be less because with an electric furnace the reduction 
in heat and noise fatigue may make it possible to ac­
complish the work more efficiently and with fewer peo­
ple. In addition, electric equipment often produces much 
higher melting rates.

Maintenance Costs
All furnaces require maintenance. Generally, electric fur­
nace equipment requires less maintenance o f the furnace 
proper than does fuel-fired equipment. Since fuel-fired 
furnaces melt by superheating the refractories, these fur­
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naces must be relined regularly. Induction furnaces also 
require relining when melting is done in a rammed-in 
crucible. When crucibles are used, both crucible life and 
lining life are generally excellent. Foundries operating 
both electric and fuel-fired furnaces usually find that 
maintenance costs of electric furnaces are far less, as well 
as costs for labor and supplies.

Maintenance costs for electric furnace power units, on 
the other hand, are high. This equipment is usually 
sophisticated, containing solid-state components and 
complex wiring circuitry, and may be unfamiliar to 
maintenance department personnel. Malfunctions of the 
equipment are to be expected and, while recent design 
changes have improved service life, electronic com­
ponents do fail and must be replaced. Usually some repair 
work can be done by foundry personnel; in large opera­
tions , maintenance personnel may be capable of handling 
almost any malfunction. Most users of induction equip­
ment keep spare component inventory on hand; however, 
many replacement parts may have to be ordered from the 
manufacturer at considerable part cost, freight cost, and 
time loss.

If repair personnel are required, the transportation and 
living costs for the repairman and the daily fee charged by 
the manufacturer result in expensive service calls. When 
induction equipment is used, such expenses must be an­
ticipated from time to time; delays must also be expected 
due to lack of parts or unavailability of service personnel. 
These potential delays make it advisable that a foundry 
keep fuel-fired furnaces on standby, even if the foundry 
normally operates with electric melting equipment. One 
other important aspect of electric induction equipment 
maintenance involves the need for water cooling of the 
furnace coils, furnace leads, and internal electronic com­
ponents. Overheating of components is a principal cause 
of furnace breakdowns. Design of the water cooling 
system is crucial to successful operation of the melting 
equipment. In order to be assured that the cooling system 
functions effectively, constant attention must be given to 
the equipment and to the condition of the water. 
Wherever possible, it is desirable to use “ closed” water 
systems in order to minimize water maintenance and to 
recapture waste heat.

so as to become operator-proof. Although simple m ain­
tenance must be performed regularly, it requires no 
unusual skills. When a furnace breaks down, it can usual­
ly be repaired quickly; in the alternative, it is possible to 
have a replacement on standby so that a minimal am ount 
of production time is lost.

Electric furnaces require large capital investments; an 
induction unit (power supply, furnace, cooling equip­
ment and installation) may cost more than ten times as 
much as a comparable gas-fired melting unit. Installation 
costs can be as expensive as the equipment itself if 
440-volt power must be made accessible to the foundry 
and the melting area, if water supply and drainage must 
be provided for, and if construction is required (such as 
below-floor excavations and concrete work).

The recent impressive growth in the use o f electric 
melting equipment indicates that its many advantages 
outweigh the high cost of equipment and installation. 
Fuel-fired furnaces, which have served the non-ferrous 
foundry industry for most of its 6000-year life, may still 
perform satisfactorily. However, today’s environmental 
considerations, governmental regulations, decreased 
availability of cheap fossil fuels, and changed attitudes of 
foundry personnel all make electric melting o f copper- 
base alloys a practical solution, in spite of the large capital 
investments required for such equipment.
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Capital Costs
While direct melting costs for electric furnaces may be 
somewhat higher than such costs for fuel-fired equip­
ment, the flexibility, speed of melting, convenience, and 
greatly improved working conditions make electric melt­
ing highly desirable and perhaps crucial to the survival of 
the brass and bronze foundry. However, the costs of elec­
tric equipment are much higher than the average costs of 
fuel-fired furnaces o f comparable melting capacity.

A fuel-fired furnace is relatively simple; many found­
ries even build their own. Installation costs are minimal 
and may involve little more than hooking up a gas line and 
blower. Operation is also simple, and can be mechanized
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Chapter 5 

MELT CONTROL

INTRODUCTION
The term melt control means the control of furnace and 
atmosphere conditions in order to supply molten metal 
o f the quality necessary to produce high-quality 
castings.

Melt control is only one of several processing 
variables which act together to affect the quality of 
castings. Although this chapter will focus primarily on 
the control of melt chemistry and dissolved gasses, other 
variables affecting melt quality are identified below 
along with the chapters which provide supplementary 
inform ation on each.

1) Furnace selection. The type of furnace used in­
fluences melt quality control. Specific furnace types are 
discussed in Chapter-4r!t should be noted that different 
liquid-metal processing procedures may be recom­
mended depending upon the melting unit used.

2) Fluidity. The complexity of the casting and section 
size normally dictate the pouring temperature, as will be 
discussed in Chapter 6. However, higher pouring tem­
peratures make chemistry and gas control more difficult 
to achieve.

3) M old materials. Chapter 3 addresses the common 
mold materials. All mold materials can produce gas to 
varying degrees, and mold gas coupled with gas derived 
from melting may result in “ gassy castings.”

4) Gating. Improper gating can result in gas pickup 
and porous castings. Recommended gating practice is 
discussed in Chapter 7.

5) Solidification and shrinkage. Since both gas 
porosity and shrinkage may occur in the portions of the 
casting which are the last to solidify, the defects are 
often indistinguishable. Chapter 8 discusses the solidifi­
cation characteristics of the alloys.

6) Mechanical properties. Several chapters in this 
book, and specifically Chapter 17, deal with the mech­
anical properties o f the copper-base alloys. Although 
typical cast properties are generally provided, it should 
be noted that melt control plays an important role in the 
achievement of these properties.

All of the above topics will be discussed in this 
chapter only as they relate to melt control. The chapters 
cited will be helpful for a more complete understanding 
of these topics.

This chapter will first treat chemistry control, fol­
lowed by an extensive discussion of gases in copper-base 
alloys—an im portant topic since gas porosity is ex­
tremely difficult to control in everyday foundry opera­
tions.

CHEMISTRY CONTROL
Although dissolved gases are chemical elements which 
must be controlled, this section will be limited to 
chemistry control of input materials (including late ad­
ditions) and melt losses.

Input Materials
Input materials may be cataloged as commercial-purity 
raw materials, scrap, secondary ingot, returns, and late 
additions. Depending upon availability, cost, and the 
casting quality required, all of these may be considered 
for use as input material.

a) Commercial-purity raw materials. Although the 
use o f relatively pure input materials provides optimum 
chemical control, the cost is seldom justified except, 
possibly, for new alloy development. Furthermore, 
some elements, such as silicon in the silicon bronzes and 
iron in the aluminum bronzes, do not readily go into 
solution in copper. It is for these reasons that most 
foundries do not compound their own alloys from the 
raw materials, except for use in short-run specialty 
chemistries.

b) Scrap. The opposite extreme of using commercial- 
purity raw materials is to purchase scrap, melt it, con­
duct a chemical analysis, and adjust the chemistry 
before pouring. Occasionally, intermediate ingots may 
be poured and solidified for use as remelting stock at a 
later date.

The practice of using an all-scrap charge creates the 
risk of possible pickup of detrimental elements. On the 
other hand, scrap such as copper bus bar, wire, and pip­
ing provides excellent charge material of known charac­
teristics. Another example o f scrap utilization is the 
melting of soldered brass automotive radiator cores for 
plumbing alloy castings.

The economic advantages of scrap metal charges are 
most often appreciated by the large foundry with ready 
access to chemical analyses and with the ability to 
suitably modify the chemistry during the melt opera­
tion.

c) Secondary ingot. Most foundries do not have the 
capability to  perform smelting, refining, and chemical 
analysis. Therefore, large quantities of scrap can not be 
used and the purchase of ingot with a known chemistry 
must be relied upon. In effect, foundries become re- 
melters and producers of engineering shapes.

Although 100% secondary ingot charges may be 
used, charges comprised of ingot, returns, and scrap are
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more commonly used. The exact proportions will be dic­
tated by experience, the quantity o f shop returns, and 
cost.

Secondary ingot producers~provide metal chemistries 
within the specified chemistry limits indexed in Chapters 
1 and 2. Furthermore, they will often provide modifica­
tions in chemistry or tolerance limits to meet special 
customer requirements.

d) Returns. Every. foundry generates returns from 
gating systems, risers, and occasional scrap castings; a 
shop with its own machining operation will also produce 
considerable quantities o f turnings and borings. It is com­
mon practice to absorb these materials in the melting 
operation as a portion of the charge makeup rather than 
to use a 100% return charge. This does not mean that 
melts comprised o f 100% returns will not result in high- 
quality castings; much depends upon the quality o f the 
returns, and how they are treated in melting. For ex­
amples, gates and risers from sand castings may not be 
completely clean o f mold materials; turnings may be 
covered with cutting fluids; residual deoxidizers or im­
purities may be building up in the return materials. Each 
one o f these can contribute to casting defects which can 
become more pronounced as the quantity of returns in the 
charge increases.

e) Late additions. Small quantities of special agents 
are often added to the melt prior to pouring. Examples 
are deoxidizers, degassifying agents, grain refiners, and 
additions to make up for melt losses. Although the added 
quantity may be small, the effect on casting integrity and 
performance may be great.

Melt Losses
Even if secondary ingot charges are well within the 
chemical specification range, melt losses may result in 
scrap castings. The most common causes of melt losses 
are dross formation due to reaction with the atmosphere, 
refractory material, or ladle material, and losses due to 
vaporization o f low-boiling-point elements.

a) Dross formation. Much of the dross in copper-base 
alloy melts is due to reaction between the metal and the at­
mosphere. Since it is usually not possible to exclude the 
atmosphere, its effect must be considered. For example, 
combustion products from a gas furnace contain a great 
deal o f water vapor that can react with the metal to form 
dross. Even with induction melting, a high degree of mag­
netic stirring on a humid summer day may still result in 
the formation of large quantities of dross.

However, several techniques can be used to minimize 
dross formation. First, the use o f lower temperatures 
will result in lower chemical reaction rates which in turn 
generally produce less dross. Due to this same kinetic ef­
fect, shorter holding times at a given temperature will 
also produce less dross.

Secondly, the use o f refractories or crucibles that are 
inert to the melt will result in less dross. The common

practice of using clay graphite crucibles presumes that 
the carbon in the crucible will react with the atmosphere 
in preference to the metal reacting with the atmosphere. 
However, the presence of oxides in the clay graphite still 
allows some dross form ation to take place. (The use of 
an all-carbon crucible is generally not possible since it 
oxidizes or burns at copper-alloy melt temperatures. An 
optimum crucible material may be silicon carbide, 
although expense may be a deterrent.)

The third approach to minimizing dross form ation in 
melting is the use o f melt covers or fluxes; however, as 
will be pointed out in the section on gases, the use of 
melt covers may show mixed results. Melt covers are 
used in attempt to exclude the atmosphere and thus 
reduce dross formation. Charcoal is one example of a 
melt cover; however, it cannot be used in nickel-bearing 
copper alloys due to carbon solubility. Fluxes must be 
used carefully since some that are reactive enough to 
reduce dross are also capable of rapid reaction with the 
crucible, furnace refractories, and mold materials.

In summary, melt losses due to dross formation can 
be minimized by the use of lower temperatures, shorter 
furnace holding times, inert crucible materials, and ap­
plication of melt covers or fluxes.

b) Vapor losses. Fortunately, the same techniques 
used for dross minimization will also reduce vapor 
losses. The most notable element loss in molten copper 
alloys takes place with zinc; however, this is easily 
replaced by a zinc addition just prior to pouring.

If the melt temperatures are low, the zinc loss will also 
be low. However, as will be pointed out in a later sec­
tion, a “ zinc flare” can be advantageous to gas re­
moval.

On the other hand, such vapor losses pose an en­
vironmental hazard, and care must be exercised so as 
not to exceed the standards for air quality. For example, 
many copper alloys which contain zinc also contain lead 
in amounts which may exceed the maximum allowable 
lead concentration in the air. Similarly, the vaporization 
of beryllium can create a potential health hazard. A 
more complete discussion o f environmental control is 
provided in Chapter 18.

It cannot be overemphasized that chemistry control 
directly relates to mechanical properties and casting per­
formance. In some copper alloy families, the chemistry 
limits are quite broad; this reflects that their properties 
are less sensitive to chemistry and possibly that the 
alloys are to be used for less critical applications. On the 
other hand, narrow chemistry limits are necessary for a 
number of alloys due to their easily modified micro­
structures and properties.

Additional information on melt control, chemistry 
sensitivity, and the role of impurities can be found in 
Chapters 9 through 14.
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GASES IN COPPER-BASE ALLOY MELTS
Although the problem of gases in copper alloys often 
appears to come and go for no apparent reason, there 
are several chemical and physical principles which 
govern the presence of these gases and their removal. 
Furthermore, the presence of gases need not always be 
detrimental; they can play an important part in the pro­
duction of successful castings. Two im portant examples 
of the positive role of gases in copper alloys are their use 
in dispersing shrinkage and their use as degasifiers.

The purging of liquid metals with an inert gas is a 
potential method for removal o f detrimental gases. An 
example would be a nitrogen purge o f an aluminum 
bronze. This technique, as well as the use of other solid 
additions which produce inert gas at the liquid-metal 
temperatures, will be discussed in greater detail in a later 
section.

The use of gas for dispersal o f shrinkage has been suc­
cessful in producing discontinuous porosity in castings, 
which creates better pressure-tightness and surface 
quality.

At this point, the different types of gas that might be 
considered detrimental to copper casting integrity will 
be identified. These gases are categorized as either sim­
ple gases such as hydrogen, or complex gases such as 
water vapor.

Simple Gases
The solubility of hydrogen in molten copper, tin, and 
copper-tin alloys is shown in Fig. 5-1. In pure copper, 
hydrogen solubility is greater in the liquid than in the 
solid state (approximately 5.5cc vs. 2cc/100g), which is 
why gas porosity is a problem in copper castings. Dur­
ing the solidification process, the solid rejects gas to the 
remaining liquid, due to the fact that hydrogen is less 
soluble in the solid state. Once the gas exhibits a 
pressure greater than the pressure of the surrounding at­
mosphere and metal head, a gas pore will be formed.

Since higher temperatures of the liquid result in 
higher gas solubility (Fig. 5-1), higher pouring tempera­
tures produce higher gas contents and create a greater 
possibility o f gassy castings.

The data show that hydrogen solubility is less when 
the tin content in copper is increased. (As will be 
pointed out later, oxygen then becomes the more im por­
tant problem.) The nature of the gas solubility curve 
should also be noted. In pure copper, the gas is released 
only at the freezing point. In an alloy, the gas is released 
within a temperature range between the liquidus and the 
solidus.

With these observations in mind, a comment should 
be made about the units of gas solubility (cc/lOOg) 
shown in Fig. 5-1. If we divide lOOg copper by itc den­
sity of 8.96g/cc, we obtain 11.16cc of metal. Upon so­
lidification, copper rejects approxim ately 3.5cc 
H 2/100g. Dividing 3.5cc by 11.16cc gives 31 volume per-

T , °C

1832 2012 2192 2372
T , °F

Fig. 5-1. The solubility o f  hydrogen at atm ospheric pressure 
in pure copper, pure tin, and in copper-tin alloys.

cent of evolved hydrogen, which could easily result in 
porosity. Other units are used, but the small values can 
create a false sense of security. For example, 1 part per 
million hydrogen (ppm) in copper indicates 0.0001 °7o by 
w eight, which is approxim ately equivalent to 
l.llcc/lOOg or 10 volume percent.

Furthermore, all of the gas contents are given at stan­
dard temperature and pressure (20C and 760 mm Hg). 
When the gas is evolved at elevated temperatures, the 
actual volume occupied by the gas is almost five times 
greater, due to the natural expansion of gases at higher 
temperatures.

Although Fig. 5-1 presents some important concepts, 
it appears to be limited since a casting condition in 
which a copper melt is exposed to pure hydrogen at 1 
atm pressure is unrealistic. However, the data are still 
useful because of the concept in chemical equilibrium 
known as Sievert’s Law, as follows.

Using hydrogen as an example, the gas dissolves in 
the atomic form rather than in the molecular form (due 
to the size difference). Or:

H 2 2H
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We then write the solubility relationship:

K (a constant) _  (cone, o f  hydrogen dissolved in metal)2 
(conc. o f  hydrogen in furnace atmosphere)

We then express the concentration of hydrogen in the 
metal as cc/lOOg, and that in the furnace atmosphere as 
partial pressure. Sievert’s Law then states:

H (dissolved) = K ' V  pH 2 where K/ = V~K~

From Fig. 5-1, molten copper at 1083C dissolves 5.5 
cc/lOOg hydrogen when a pure hydrogen atmosphere is 
present.

Therefore:
5.5cc/100g = K1 V 1 atm, or K 1 = 5.5

Now, to be more realistic, assume we have a partial 
pressure o f hydrogen of only 0.01 atm over the melt. 
Then:

H (dissolved) = 5.5V 0.1 atm = 0.55cc/100g
(The value K7 is dependent only upon the temperature 

for a given alloy composition.)

This result is significant because it illustrates that a 
100-fold decrease in partial pressure of hydrogen over 
the melt leads to only a 10-fold decrease in the gas 
solubility.

It should be noted that Sievert’s Law refers to 
equilibrium, a condition seldom achieved in casting. 
However, the concept of a reduction in partial pressure 
leading to a reduction of gas in solution is important as 
it explains the melt practices of purging and vacuum 
degassing. These practices will be covered in greater 
detail in a later section.

If the gas problem in copper alloys could be complete­
ly explained by the hydrogen example, the control of gas 
porosity would be greatly simplified. Unfortunately, 
this is not the case. The interaction between dissolved 
gas species must also be considered; that is, the complex 
gases such as hydrogen-oxygen and carbon-oxygen must 
be studied.

Complex Gases
In many copper-base alloys, the most im portant gas 
causing porosity is water vapor. Water itself is not 
dissolved in the liquid metal, but both hydrogen and 
oxygen are dissolved in their atomic forms. During 
solidification, these dissolved gases combine to form 
molecular water vapor, thus creating gas porosity when 
the gas pressure exceeds 1 atm or 760 mm Hg.

This hydrogen-oxygen equilibrium interaction in pure 
copper at its melting point (1083C) is shown in Fig. 5-2. 
The shape of the curves (representing different total 
pressures o f water vapor) shows that low dissolved oxy­
gen leads to high hydrogen, and vice-versa.

Consider a situation in which a gas hole might be 
formed in pure copper. With only hydrogen present, the 
maximum solid solubility is 2 cc/100 g (Fig. 5-1). With

more hydrogen present in the melt a gas hole would 
form. By Sievert’s Law, this is equivalent to:

2cc/100g = 5.5V pH 2, and pH 2 = 0.132 atm

The hydrogen in the furnace atmosphere must therefore 
exceed 0.132 atm in order for a gas bubble to be formed.

Now, if we consider point B  in Fig. 5-2 (a total 
pressure o f 760 mm Hg, or 1 atm of water vapor derived 
from hydrogen and oxygen in solution), the oxygen con­
centration is 0.39 wt% and the hydrogen is 2 x 10~5 
wt% (0.00134 atm). In this case, 100 times less hydrogen 
(0.132 atm vs. 0.00134 atm) will cause gas porosity if 
oxygen is also present.

Although 0.39 wt% oxygen sounds high, it is possible 
to achieve this level even with low initial oxygen levels. 
The Cu-O phase diagram shown in Fig. 5-3 shows that 
as little as 0.01 wt'Vo oxygen in the initial melt will pro­
duce 0.39 wt% oxygen in the last liquid to solidify (the 
eutectic composition).

The important point is that low hydrogen content can 
result in gas porosity when oxygen is also present. The 
enrichment of the liquid phase in both hydrogen and 
oxygen during solidification along with inadequate time 
for diffusion will only add to the problem of gas poros­
ity. To prevent such porosity, the solid solubility must 
not be exceeded, and the sum of the individual gas par­
tial pressures must be less than 1 atm (760 mm Hg) 
throughout the solidification process.

Cu(l) + H 20 (g )  = C u 20 ( in  Cu) 4 -H 2 (in Cu)

[H ] = 3.04 x 10~7 -\/ PH 2 0  / [ O ] ,  at I083°C

H yd ro gen ,  w /o
0 .26  2.34  6 .50  12.7 21 .0 31.5  atm.

0  1.04 4.16  9.36 16.6 26 .0  39.5 mm Hg

Fig. 5-2. Equilibrium o f  water vapor with m olten copper at 
1083C (148IF). P oin t B shows equilibrium between 0.39  
w t%  oxygen and 2 x  J0~5 wt % hydrogen at 760 mm water 
vapor pressure.
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Oxygen, w/o  ( lo g  scale)

Fig. 5-3. Constitution diagram o f  the copper-oxygen system . 
The eutectic occurs at 0.39 w t%  oxygen.

Curves similar to those for the hydrogen-oxygen rela­
tionship are obtained for sulfur-oxygen and carbon- 
oxygen. Sulfur pickup may occur in the combustion of 
high-sulfur fuels in the melting process. This is much 
less common today due to an increase in the use of elec­
tric melting. Low sulfur results in higher oxygen dis­
solved, while higher sulfur gives a lesser am ount of 
oxygen dissolved. The evolved gas is S 0 2.

With nickel-bearing copper alloys, carbon pickup oc­
curs; the im portant equilibrium becomes carbon-oxygen 
rather than hydrogen-oxygen. The gas evolved upon 
solidification is CO rather than H 20 .  Once again, an in­
crease in one gas species provides a decrease in the other. 
However, it cannot be overemphasized that the sum of 
the species—whether hydrogen, carbon, sulfur, or 
oxygen—determines the presence of gas porosity.

Identification of Gas
Briefly, the gases most often found in porous copper- 
base alloys are H 2, H 20 ,  and CO. The identification of 
these gases is im portant in order to determine the most

efficient degassing technique. Identification is also 
dependent upon the alloy family, as will be discussed 
later.

Although the heading of this section suggests merely 
that the type of gas be identified, an im portant basic 
question to ask is whether or not gas is really the cause 
of the defect in a casting. This is not always easy to 
determine since gas and shrinkage porosity often occur 
at the same geometrical position.

Shrinkage occurs at the site of a hot spot or in the last 
portion of a casting to solidify. Under the microscope, 
the rough texture o f dendrites can be identified.

Gas, on the other hand, may also occur in the last 
portion to solidify. This is because a solid can dissolve 
less gas than a liquid metal. Therefore, dissolved gas is 
continually rejected to the remaining liquid until it 
reaches a pressure greater than atmospheric—at which 
time a bubble is formed. If the supersaturated gas 
enrichment occurs in the last metal to solidify, gas 
porosity and shrinkage porosity will occur at the same 
point. Hence, it must be determined whether the casting 
defect is due to shrinkage or to gas.

Comparison of dendrites in defective areas poured 
with and without gassy metal will show subtle dif­
ferences, as seen in Figs. 5-4 and 5-5. The presence of 
gas tends to blunt the somewhat sharp dendrites, pos­
sibly due to the pressure of the evolved gas.

This does not mean that gas will always be associated 
with shrinkage. For example, some wide-freezing-range 
copper alloys such as C83600 (85-5-5-5) tend to have 
interdendritic shrinkage which is not visible to the naked 
eye. The problem becomes more acute in the absence of 
a sufficiently high thermal gradient, because gas can 
then disperse the shrinkage so that it is not intercon­
nected.

Fig. 5-4. Close-up o f  a shrinkage cavity in a 1-in. chilled Y-block pou red  from  
degassed C95400 metal. N ote the rough appearance characteristic o f  dendrites.

Fig. 5-5. Close-up o f  shrinkage fro m  gassy C95400 alloy pou red  in a 1-in. chilled 
Y-block. In this case the cavity is sm ooth.
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55 mm Hg 50  m m  Hg 4 5  m m Hg

S urfoce  Single Bubble Boil ing

Shrinkage & Porosity

Fig. 5-6. These cut-away samples display the different 
responses o f the same amount o f  gas dissolved in the liquid 
metal when exposed to different pressures in the test 
chamber o f the reduced-pressure test.

However, too much gas will result in small gas defects 
that tend to be spherical in shape. The degree o f spheri­
city, distribution, and coloration are dependent upon 
the copper alloy family and the composition of the gas.

A simple solution to this defect identification prob­
lem is therefore not available. Although experience 
plays an important^ role, an absolute answer can be 
gained only with the aid o f a reproducible gas test, as 
discussed below.

Testing for Gas
There are several qualitative methods by which to 
estimate the gas content of wide-freezing-range, copper- 
base alloys. The simplest, most common procedure is 
merely to observe the surface shrinkage, or “ set” , o f a 
sample bar (or even a sprue or riser top). All else being 
equal, the greater the degree of sink, the lower the gas 
content. Since these alloys tend to show relatively little 
localized shrinkage even when free of gas, AFS research 
was conducted1 in 1949 to develop a standardized frac­
ture test for 85-5-5-5 (C83600) which would provide a 
more sensitive index of gas content. The fracture test in­
volves a special test piece cast against a chill, whereby 
the color and texture of the fractured surface are evalu­
ated as a measure of the gas content of the metal. 
Although this test never gained wide acceptance due to 
difficulties in interpretation, the examination of frac­
tured castings in the foundry is a common practice and 
provides useful information for distinguishing between 
high- and low-quality melts.

A more quantitative approach to measurement of the 
gas content o f the metal was necessary, and research was 
therefore initiated in 1972. This work to develop 
another test was jointly sponsored by the International
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Fig. 5-7. The test chamber as used in the reduced-pressure test. The remainder o f  the apparatus 
is described in the literature.2 3
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Table 5-1.
Crucible and Seat Combinations fo r  the Reduced-Pressure Test

Time Before Exposure
Alloy Type Crucible Seat (Graphite) to Reduced Pressure

Pure Copper Preheated Flat with small 15-30 Sec.
(ex. C81100) Porcelain depression

Short Freezing Preheated Loose fitting to top 30-45 Sec
Range (ex. C95400) Porcelain of crucible lip

Wide Freezing Range 
(ex. C83600)

Steel Tight fitting to top 
of crucible lip

5-10 Sec

Copper Research Association and AFS. This effort re­
sulted in the development of the reduced-pressure test.

Reduced-Pressure Test
The aluminum industry has used a gas test—the 
Straube-Pfeiffer test—that has been successfully modi­
fied for use with molten_copper-base alloys. In practice, 
a small liquid metal sample is taken from a larger melt 
and is allowed to solidify under a variable but known 
reduced pressure. If the gas pressure in the melt is 
greater than the controlled reduced pressure over the 
melt, then a gas bubble will form and escape from the 
sample. On the other hand, if the reduced pressure is 
higher than the dissolved gas pressure in the melt, then a 
bubble will not form and the small sample will have a 
flat or depressed surface upon solidification.

The objective is to obtain a reduced pressure only 
slightly less than the dissolved gas pressure. The surface 
of the sample will then rise and the solid surface mem­
brane will not fracture. A summary of an idealized set 
o f samples is shown in Fig. 5-6.

The chamber used for the tests is diagrammed in Fig. 
5-7. The principle of reduced-pressure testing allows for 
a wide variation in equipment design. The literature 
describes successful procedures for construction along 
with data from field experiences.2’3

The key to the reduced-pressure technique is the 
establishment of a solid surface skin and directional 
solidification in order to produce wave-front freezing. 
In the formation o f the solid from the crucible side­
walls, gas is rejected to the remaining liquid. Upon 
exposure to the reduced pressure, the gas in the remain­
ing liquid, and the atmosphere above the sample at­
tempt to come to equilibrium; the results of this are 
shown in Fig. 5-6.

Since the copper-baSe alloys exhibit different liquidus 
to solidus temperature ranges, varying cooling rates are 
required to induce wave-front freezing. This is accom­
plished by a selection of different crucible materials and 
graphite seats or heat sinks to ensure the necessary ther­
mal gradients (see Fig. 5-7).

There are essentially three combinations of crucibles

and seats that have proven successful (Table 5-1). A 
brief explanation of the rationale for the correct selec­
tion is appropriate.

In a pure material such as pure copper (C81100), a 
solid surface membrane does not readily form due to the 
occurrence of a melting point rather than a melting 
range. Here, the test is successful when a “ copper 
ra in ,”  rather than the formation of a surface bubble, is 
viewed through the window port. This method is highly 
reproducible and more sensitive than the surface-bubble 
method used for copper alloys.

The short-freezing-range alloys, such as aluminum 
bronze (C95400), easily provide wave-front freezing and 
a solid surface membrane if a porcelain crucible is used. 
The crucible must be preheated in a small box furnace (a 
component of the reduced-atmosphere apparatus) to 
prevent it from cracking due to thermal shock. Since the 
crucible fits loosely in the graphite seat, the same cruci­
ble is used for dipping and testing.

In wide-freezing-range alloys such as red brass 
(C83600), a high thermal gradient is necessary to ap­
proximate wave-front freezing. The tight-fitting steel 
crucible in the graphite seat makes it necessary to dip the 
sample with a second steel crucible. Metal adhering to 
the dipping crucible sidewalls would inhibit affecting a 
tight seat.

Most copper alloys can be successfully tested by using 
one of the described methods. Occasionally, modifica­
tions are necessary, such as the placement o f  a graphite 
block over the crucible to guarantee a thick, solid sur­
face membrane. This latter technique gives the most re­
producible results for beryllium copper (C82500).

The alloy sensitivity to gases, and degassing effec­
tiveness using the reduced-pressure test, will be dis­
cussed in later sections.

Quantitative Analysis Methods
The reduced-pressure test measures the total gas content 
of the metal, including the vapor pressure of easily 
volatilized elements such as zinc. Quantitative chemical 
analyses o f metal pin samples extracted from the molten 
metal or of gas samples taken from above the solidify-
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Fig. 5-8. The sensitivity o f the reduced-pressure test shows 
good correlation with the total gas content o f the melt. The 
data are for saturation in a gas furnace atmosphere at 300F 
superheat. The text discusses the anomalies with copper 
(C81100) and the silicon-bearing alloys (C87200, 87500).

ing alloys are very expensive. Although these analyses 
are im portant for the proper selection of degassing tech­
niques, their interpretation is difficult. Therefore, the 
average foundry finds the reduced-pressure test more 
useful with respect to both cost and promptness of 
results.

The literature can provide specific numerical values 
for the quantities of gas species contained in alloys.4-7 
Table 5-2 summarizes some of the more important 
results; however, a few general comments are also 
necessary.

Water vapor is the most common gas evolved from 
solidifying copper alloys. The hydrogen combines with 
the available oxygen to form water vapor until the 
dissolved oxygen is depleted; hydrogen is then produced 
as a separate species. Since different alloy chemistries 
have varying affinities for oxygen, the amounts of water 
vapor and hydrogen also vary.

Melting is commonly practiced under an oxidizing at­
mosphere in order to obtain higher dissolved oxygen 
and, hence, lower hydrogen (see Fig. 5-2). Residual 
oxygen is easily removed by standard deoxidation tech­
niques.

The presence o f nickel in copper-base alloys in­
troduces CO gas when melting is done in a graphite cru­
cible or with carbonaceous covers. Water vapor may 
also exist at low nickel contents. This provides the three 
gas species, CO, H zO and H 2.

Although the identification of gas type is im portant, 
the total gas content and the sensitivity of the reduced- 
pressure test as a measure of total gas content minimize 
the necessity for precise gas analysis (Fig. 5-8). The cor­
relation between total gas and reduced pressure is very 
good except in the case o f C81100, 87200 and 87500.

High-copper alloys such as C81100 require the onset 
of “ copper rain” to provide a reproducible result. As 
mentioned previously, this test is more sensitive than is 
the standard surface-bubble test.

The silicon-bearing copper alloys C87200 and 87500 
have been much discussed by foundrymen in regard to 
their gassing tendencies. Although Fig. 5-8 indicates 
that these alloys have a high gas content, with H 2 levels 
being higher than H 20  levels, the reduced-pressure test 
is not very sensitive to the presence of these gases. There 
are possibly two reasons for this lack of sensitivity. 
First, the alloy does not readily form a solid surface 
membrane during the reduced-pressure test—thus, gas 
may be lost. Secondly, silicon is known to form at least 
two stable hydrides, and these may aid hydrogen pickup 
but inhibit rejection of the gas to the remaining liquid 
during the reduced-pressure test.

Gas Removal
The removal of dissolved gases from molten copper 
alloys is accomplished by either mechanical or chemical 
methods. Mechanical methods depend upon the princi­
ple that the melt attempts to come to equilibrium with 
the surrounding atmosphere. For example, a m elt’s 
pickup of gas from a gas-fired furnace is due to the fact 
that the atmosphere is rich in combustion byproducts, 
essentially H zO, C 0 2, CO, and excess oxygen.

Conversely, exposure of a gassy melt to a high degree 
of magnetic stirring in an induction furnace can result in 
gas removal, as long as the atmosphere is low in detri­
mental gases such as water vapor. The removal of 
dissolved gas by this technique would therefore be much 
more efficient in a dry climate than when humidity is 
very high.

A second technique is vacuum degassing.This method 
is expensive, however, and requires a secondary treat­
ment station.8 The reduced-pressure test is a miniature 
version of a vacuum-degassing process.

The most common method for mechanical removal of 
gas is purging with a second gas. The introduction of a 
gas bubble beneath the melt surface creates an artificial 
atmosphere with which the metal tries to  come to equili­
brium. If the purging gas is inert and the dissolved gas is 
hydrogen, the hydrogen migrates to the gas bubble in 
order to satisfy Sievert’s Law, as discussed in an earlier 
section. The gas bubble then rises and is swept away.

It is important in purging that the gas be introduced 
deep in the bath and that the bubbles be small. This 
maximizes the contact time and the surface-to-volume 
ratio of the purging gas. An example o f purging with an 
inert gas (dry nitrogen) in aluminum bronze (C95400) is 
shown in Fig. 5-9.

In this example, initially the metal had been arti­
ficially gassed with wet clay discs. The effect of mag­
netic stirring on gas removal in a low-humidity atmos­
phere is represented by the “ no purge”  line. The

90



Fig. 5-9. The effect o f nitrogen flow rate during purging on 
the residual gas pressure o f a C95400 melt. A t a constant 
temperature o f 225OF, the magnetic stirring o f the 100-lb 
melt reduces the gas on a low-humidity day even in the 
absence o f purging.

reduced-pressure test was used to determine the total gas 
content of the melt; Purging at 2 liters per minute re­
duced the dissolved gas approximately three times faster 
than when magnetic stirring only was used. Although 
high purging-gas flow rates might show still greater effi­
ciencies, 2 liters per minute represents the maximum 
purging rate which would not create excessive metal 
splash in 100 lb melt.

The effects o f various purging gases on aluminum 
bronze is shown in Fig. 5-10. A number of foundries 
have effectively used dry oxygen as a purging gas for 
aluminum bronze. The data show that low gas levels can 
be obtained in approximately one-fifth the purging time 
by using dry oxygen. However, purging for too long a 
period with oxygen may cause excessive loss of alloying 
elements. If the purging time is too long, aluminum will 
be oxidized and abnormally large quantities of dross 
will be generated.

The increased purging efficiency of oxygen is not well 
understood. It might be effective only for alloy systems 
high in hydrogen, in which high local oxygen requires 
low hydrogen in accordance with the hydrogen-oxygen 
equilibrium shown in Fig. 5-2.

Purging can also be accomplished with solid addition 
agents that form gas bubbles at liquid-metal tempera­
tures. One commercial product consists of a briquette 
form of polytetrafluoroethylene (Teflon) which pro­
duces a purging gas when plunged beneath the metal 
surface.

Another useful method for high-zinc alloys is to 
overheat the melt, thereby vaporizing some zinc (flare) 
and purging the bath of dissolved gas. This technique is 
shown in Fig. 5-11 for a melt produced in a gas furnace. 
The saturated reduced-pressure value represents equili­
brium between the melt and the water-containing com­
bustion byproducts of the gas furnace. This saturation

Purgin g T im e, minutes

Fig. 5-10. The effects o f different purging gases on the rate 
o f gas removal in alloy C95400 (aluminum bronze) at 2250F 
in an induction furnace.
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Fig. 5-11. A useful technique for reducing the gas content o f 
zinc-bearing alloys is to overheat the metal and purge with 
the zinc vapors. The saturated value represents holding the 
gas-furnace-melted metal for 60 minutes at temperature.

value, which is reached in 60 minutes, indicates the 
disadvantage of holding the metal for an extended 
period of time at temperature.

Finally, an often overlooked technique is to allow 
gassy metal to solidify, thereby ejecting the gas. Remelt­
ing of this alloy will result in a lower dissolved-gas con­
tent as shown for 90Cu-10Ni alloy in Fig. 5-12. Again, 
high gas contents are achieved with a 60-minute hold 
time in a gas furnace. Solidification, remelting, and 
superheating to the desired 300F level produces a 
decrease in the gas level. Extended holding time would 
return the metal to undesirably high dissolved-gas 
levels.
Chemical methods. Here the objective is to  tie up the 
dissolved gas chemically by the addition o f an agent
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0  min. Sat d S o l id i fy  and
6 0  min. Remelt 0  min.

Fig. 5-12. A  high gas content can be  reduced by  
solidification and remelting o f  the alloy. The 60-minute 
saturation is the maximum m elt gas pressure fro m  the 
atmosphere o f  a gas-fired furnace.

which has a greater affinity for the gas than does the 
molten metal. Two examples will serve to show this ef­
fect.

In red brass, C83600, it is common practice to  add 
phos-copper to deoxidize the melt. Figure 5-13 shows 
the results of the use of such additions by several found­
ries for the reduction of the dissolved gas. The effect o f 
the quantity of P-Cu additon used to chemically tie up 
the dissolved oxygen is most apparent. The absolute ad­
dition requirement is not fixed, since each foundry must 
determine the maximum amount of melt gas that can be 
tolerated and still allow production o f marketable 
castings. The amount of deoxidizer added depends upon 
a number of variables which will be discussed later. 
However, unnecessary overadditions will lead to higher 
costs, potential problems with remelting of stock, and 
casting surface roughness.

When red brasses such as C83600 are deoxidized with 
P-Cu, the oxygen present in the melt reacts with the 
phosphorus to form an insoluble phosphorus-oxygen 
compound. This effectively removes the oxygen from 
the melt and prevents it from reacting, during freezing, 
with any hydrogen to form  water vapor (steam reac­
tion). It is im portant to note that phosphorus additions 
to the melt do not remove hydrogen directly. Excess ad­
ditions merely go into solution in the melt, and, if 
hydrogen levels are high because o f improper melting 
practice, hydrogen porosity may occur due to solubility 
change, as shown in Fig. 5-1. The only way to avoid 
high hydrogen levels is to maintain oxidizing conditions 
during melting.

In aluminum bronzes such as C95400, research has 
shown that significant levels of both hydrogen and oxy­
gen may be present simultaneously. In such cases, 
chemical additives are available in the form of pro­
prietary “ degassers,”  which combine with both o f these 
dissolved gases and remove them from the solution. 
Such degassing agents often contain highly reactive

metals, such as zirconium and titanium, which readily 
form stable oxides and hydrides. The degassing effi­
ciency of such an addition agent is shown in Fig. 5-14 in 
direct comparison with the efficiency o f purging; essen­
tially the same low gas content is achieved with both 
methods after approximately 6 minutes. The solid de- 
gasifier is often preferred, since supplementary equip­
ment is not required. However, rapid pouring after the 
addition should be avoided, since a considerable length 
of time is required to cleanse the melt properly of the 
dissolved gases.

One o f the disadvantages o f solid addition agents for 
chemical removal of gases is their residual level in gates, 
sprues, and risers, since these are normally added to  the 
charge stock. High residual phosphorus has been found 
to cause at least two problems. First, the surface rough­
ness o f the castings may increase. This is due to in­
creased metal fluidity resulting from low-melting eutec­
tics and from reaction between the phosphorus oxides 
and the sand-bonding agents.

Secondly, high levels o f residual phosphorus make it 
difficult to  suppress hydrogen absorption by the melt. 
This is because sufficiently high oxygen concentrations 
cannot be achieved during melting; the oxygen is largely 
consumed by its preferential reaction with the phos­
phorus. Obviously, this problem only increases as the 
percentage o f high-P returns in the charge is increased.

The importance o f controlling residual phosphorus 
cannot be overemphasized since residual phosphorus is 
a m ajor source of gassy castings. It is unfortunate that 
so few understand or pay close attention to their deox­
idation practices. Most tend to make arbitrary additions 
o f 15% P-Cu to the pouring ladle or to the crucible in 
amounts ranging from one to four ounces per 100 lbs of 
melt. Such additions often are not adjusted, regardless 
o f charge makeup or section size of the casting being 
produced. This results in fluctuating or persistent levels 
of scrap due to gassy casting conditions.

Each foundry should make a systematic effort to 
determine the maximum level of residual phosphorus 
which can be tolerated, commensurate with the produc­
tion of sound, leak-free castings without visible poros­
ity. With this inform ation at hand (which should reflect 
product mix as well as melting and molding practices), 
additions o f P-Cu deoxidizer should be adjusted so as to 
maintain this level as constantly as is practical. This 
means monitoring the phosphorus level in the accumu­
lated gates and risers by periodic chemical analysis, 
watching for upward or downward trends, and ad­
justing the percentage of returns in the charges accor­
dingly.

Insufficient levels o f residual phosphorus can also be 
troublesome, since the deoxidized metal is subject to re­
oxidation during pouring due to moisture in green sand 
molds. It is thus im portant that the foundry determine 
what the minimum residual phosphorus level may be for 
particular operations.
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The fact that residual phosphorus levels will vary may 
explain erratic losses due to gassy castings. As a general 
guideline, many foundries find that residual phosphorus 
levels between 0.015 and 0.030% are normal and prac­
tical and that lesser amounts are preferable for castings 
with section thicknesses in excess of Vi inch.

Similar problems may be encountered when boron 
and lithium are used as deoxidizers, although quan­
titative data were not available.

As a final comment, some chemical degassing agents 
also serve as grain refiners because they produce more 
uniform mechanical properties in complex sections.

Table 5-3, which is discussed in the following section, 
suggests successful deoxidation or degassing procedures 
for a number of commercial copper-base alloys.

Casting Variables Affecting Gas Content
Variables which may affect the gas content of castings 
are: alloy family, charge materials used, furnace type, 
temperature, use o f metal*covers, mold materials, and 
solidification rate. In each case, the reduced-pressure

test was used to compare different practices; however, 
the absolute value of a reduced-pressure test is useful 
only in the context of the total foundry practice.

For example, a reduced-pressue value of 50 mm Hg 
may provide excellent castings in one shop but not in 
another, even if the two shops are pouring the same 
alloy. This may be due to differences in mold materials 
or gating practices. The objective here is to properly 
identify these variables and to control their effects so as 
to produce better quality castings.
A lloy sensitivity. Table 5-3 summarizes the gas content 
and the experimental deoxidation or degassing pro­
cedures used for several of the more common copper 
casting alloys. The anticipated gas species were sum­
marized in Table 5-2. (The mechanical properties ob­
tained for the alloys in their gassed and degassed condi­
tions will be presented in the following section.)

The type of crucible used is the same as that which 
was used in the reduced-pressure test. All heats con­
sisted of 30 lbs secondary ingot melted in a gas furnace. 
The saturation pressure and time provide an index of 
the sensitivity to gas pick-up.
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Fig. 5-14. A  comparison o f  a high-nitrogen purging rate 
with a comm ercial degasifier. The m etal is alloy C95400 
(aluminum bronze) at 2250F. N o te  that the degasifier does 
not produce the minimum gas level immediately.

A high saturation value need not cause concern 
especially if it takes a long period o f time to achieve this 
value. This merely indicates that the particular alloy 
must be brought up to tem perature rapidly and must be 
poured immediately.

The reduced-pressure test measures the total gas con­
tent, including the presence of easily vaporized ele­
ments. Higher-zinc alloys such as C86500 exhibit higher 
total gas levels, partially due to the zinc level. The nor­

mally low reduced-pressure after degassing is not 
achieved with C86500 since the zinc level is still high (the 
55-mm Hg is due to the presence of 40 wt% Zn). The 
minimum recorded value of less than 23-mm Hg repre­
sents the lower limit o f the reduced-pressure test used in 
the alloy comparisons. For each alloy, effective deoxida­
tion and /o r degassing procedures were employed.

Charge materials. Aside from the question of high 
residual phosphorus, the use of returns should not be 
problematic since the dissolved gas is removed by solidi­
fication (see Fig. 5-12). However, this will be true only if 
the metal is not held for a long period of time upon 
remelting.

Figure 5-15 shows that a moderate addition o f P-Cu 
to a charge consisting of 100% gating material is not as 
effective in removing gas from C83600 as it is when the 
charge is comprised of 100% ingot. In this example, the 
gates had not been blast-cleaned, and the desired oxidiz­
ing melting atmosphere may not have been effective due 
to heavy dross cover from dirty returns. It should be 
noted that P-Cu is effective only in the removal of 
dissolved oxygen; hydrogen may persist, and the dense 
melt cover formed by the dross prevents adequate oxi­
dation of the bath. If the gates contained a high residual 
phosphorus level, this also may have prevented oxida­
tion of the melt which resulted in higher hydrogen.

Furnace. The furnace type, the crucible material, and 
the atmosphere all affect the gas content of the melt. 
Due to the hydrogen-oxygen equilibrium of the melt 
(Fig. 5-2), an oxidizing condition will help to minimize 
hydrogen. The dissolved oxygen is, generally, more 
readily removed. Figure 5-15 shows that a reducing at­
mosphere results in higher gas levels after deoxidation;

Alloy Family

Summary o f  Gases Found in Copper-Base A lloys  

Gases Present Remarks

a) Pure Copper

b) Cu-Sn-Pb-Zn Alloys

h 2o , h2 

h 2o , h2

Approximate H20/H 2 ratio of 1:0. Higher purity 
increases the H20  level and lowers H2.

Pb does not effect the gases present. Increased 
Sn lowers the total gas. Increased Zn increases 
the H2, with a loss in H20.

c) Aluminum Bronze h 2o , h 2, CO The presence of 5 wt.% Ni in C95800 causes 
CO to occur rather than H20. Lower Al leads to 
higher total gas.

d) Silicon Brass and Bronze h 2o , h2 Approximate H20 /H 2 ratio of 0:5. Increased Zn 
decreases the H2 and increases H20. (This is 
opposite to the effect when Sn is present as in b 
above.)

e) Cupronickels h 2o , H2j CO All three species present up to 4 wt.% Ni, 
beyond which only CO and H2 are present. H2 
increases with Ni to 10 wt.% Ni. H2 is 
decreased at 30 wt% Ni.
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this is consistent w ith  the inab ility  o f P-Cu to  remove 
hydrogen.

Melting in an induction furnace, because of its 
magnetic stirring action, will result in lower gas levels 
(Fig. 5-16). However, after treatment with adequate 
amounts of P-Cu, the final gas content o f the C83600 
reaches the same level in both the induction and the gas- 
melted alloy. It is only when the melt is exposed to the 
gas combustion by-products for an extended period of 
time that this method creates problems.

The furnace lining or crucible material should also be 
taken into consideration. For example, cupronickels 
and nickel-bearing aluminum bronzes exhibit CO gas 
evolution during solidification. The presence o f nickel 
causes carbon to go into solution.9 At higher carbon 
levels, the oxygen is low; at lower carbon levels the oxy­
gen is high. Therefore, the carbon level of the furnace 
lining material must be considered when melting these 
alloys.

It should be noted that charcoal covers were used for

the C96200 and C96400 melts listed in Table 5-3. The 
carbon level is high, and the relatively high saturation 
levels are due to the presence of CO and H 2. This is im­
portant since degassing procedures must be able to 
remove both oxygen and hydrogen.

Temperature. Higher temperatures increase gas solubil­
ity. Furthermore, shrinkage defects become more pro­
nounced with increased temperature. These two obser­
vations, coupled with the fact that greater oxidation 
losses and poorer casting surface quality can result from 
higher temperatures illustrate why the melt must be 
poured at a temperature no higher than that which is 
necessary to completely fill the mold. It is also im por­
tant that the time at temperature be minimized in order 
to limit gas pickup and oxidation losses.

M elt covers. Melt covers are intended to control the at­
mosphere at the melt surface and to protect the melt 
from changing its characteristics. Several examples will 
serve to explain why the use of melt covers has both 
positive and negative aspects.

Table 5-3.
Gas Content o f  C opper A lloys A fte r  M elting and A fte r  Degassing

CDA No. TYPE
ALLOY

TYPE
CRUCIBLE

SATURATION
PRESSURE
(mmHg)

TIME
REQ’D
(Hours)

METAL 
TEMP., °F

DEOXIDATION
METHOD

PRESSURE AFTER 
DEGASSING

81100 Cu Porc. 150 1.75 2300 6 oz. P-Cu <23
per 100 lb.

81500 1 Cr Porc. 57 2.00 2300 As Melted <23
82500 2 Be Steel 240 1.50 2100 N2 Purge <23
86300 25 Zn, Porc. 85 1.50 1900* Flared 40

6AI, 3Mn
86500 40Zn, 1 AI Porc. 100 1.00 1820* Flared 55

Sn Pb Zn 6 oz
83300 4 6 7 Steel 57 1.00 2200 P-Cu/100 lb. <23
83600 5 5 ■5 53 1.00 2200 <23
84400 3 7 9 60 1.00 2200 <23
84800 3 6 15 74 1.00 2100 35
90300 8 — 4 46 1.00 2200 <23
92200 6 1.5 4.5 42 1.50 2150 <23
92600 10 1 2 44 1.00 2250 <23
92700 10 2 — 62 1.50 2150 <23
93200 7 7 3 45 1.50 2150 <23
93400 8 8 — 50 0.75 2100 <23
93500 5 9 1 50 1.00 2200 <23
93700 10 10 — 49 1.25 2100 <23
93900 6 15 — 50 2.00 2150 — —

AI Fe Ni
95200 9 3 — Porc. 120 2.00 2250 N2 Purge <23
95300 10 1 — 108 1.50 2250 <23
95400 11 4 2 105 1.50 2250 <23
95500 11 4 4 70 1.00 2250 <23
95800 9 4 5 82 1.75 2300 Prop. #771/2% <23

Ni Fe Cb
96200 10 1.5 1 Porc. 160 1.00 2450 Prop. #771/2% ** 30
96400 30 1 1 Porc. 155 1.00 2500 77 30

Sn Pb Ni
97600 4 4 20 Steel 115 1.50 2400 Prop. #771/2% ** <23

AI Ni Co
99300 11 15 1.5 Steel 76 2.00 2300 Prop. #771/2% ** <23

Si Zn
87200 4 4 Steşl 22 2.00 2100 None <23
87500 4 14 Porc. 40 1.00 2000 As Melted 23

‘ Lower temperatures because of zinc flare 
* * Melted under charcoal; all others melted without covers
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FIELD TEST DATA (Foundry I)
ALLOY CDA83600 85% Cu-5% Sn-5% Pb-5%  Zn
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Fig. 5-15. The effect o f  gas melting-furnace atm osphere, 
type o f  charge, and deoxidation effectiveness on the 
dissolved gas content o f  alloy C83600. The detrim ental 
effects o f  a reducing atm osphere and use o f  100% revert is 
evident.
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2751b. of Metal

Fig. 5-16. The relationship o f  dissolved gas with melting  
furnace and deoxidation treatm ent fo r  alloy 83600. The 
deoxidation is m ore efficient f o r  the gas-m elted m etal (more 
dissolved gas rem oved) although the fin a l gas content is not 
quite as low  as fo r  the induction-m elted material.

Example 1
Secondary ingot is gas-melted and the metal is held for 
two hours at temperature. A cover of charcoal is then 
added. The gas content upon pouring is determined to 
be high. The problem is that the cover was added after 
the melt had become saturated with gas. A greater

FIELD TEST DATA (Foundry 2)
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degree of protection would have occurred if the cover 
had been added immediately upon melting.

Example 2
Secondary ingot is induction-melted, and a charcoal 
cover is added immediately. Again, gassy metal is 
observed. Careful examination indicates that the char­
coal was too green; hence, moisture was picked up by 
the melt. Gas also can be introduced by a carbon prod­
uct that picked up moisture during outdoor storage.

Example 3
As a third example, an induction-melt charge contained 
a large quantity of turnings. After melting, a glassy slag 
cover was added and the melt showed a high gas con­
tent. In this case, the turnings contained cutting fluids, 
and the magnetic stirring could not produce gas rejec­
tion through the thick cover.

Although these examples illustrate some disadvan­
tages of melt cover use, they also point out several im­
portant considerations in their utilization. First, if the 
melt is initially gassy, a cover may prevent gas removal. 
Secondly, the cover itself can introduce gas into the 
metal. Therefore, the correct use of melt covers requires 
knowledge o f the metal’s gas content prior to cover ap­
plication as well as knowledge of the gas condition of 
the cover material. Melt covers cannot solve problems 
induced by poor melt practice.

M old materials. Mold materials can act in combination 
with metal to  produce gas defects in castings. As an ex­
ample, consider a 1-inch thick plate, 4 in. x 5 in. cross- 
section, with a 2Vi in. dia side-riser. The plate is cast of 
aluminum bronze (C95400). Pouring highly gassed 
metal with good directional solidification from chills on 
the three sides produces a density of 7.16 g/cc. This low 
value is an indication of the presence of gas in the 
casting. Table 5-4 summarizes the results from other 
combinations of mold materials and metal gas levels.10 
The following conclusions can be made:

a) The use of chills produces directional solidifica­
tion, which is intended to sweep some of the gas 
out of the casting.

b) Chills are most effective when the mold material 
contains low gas (compare dry sand to green 
sand).

c) Degassed metal shows little or no porosity for a 
wide variety of mold materials.

d) Core sand (oil-bonded) adds more gas to the metal 
than does dry sand.

e) Sodium silicate and alkyd-bonded sands add less 
gas to the metal than does dry sand.

In summary, all mold materials add some gas to the 
metal. However, if the m etal’s initial gas content is low, 
the common mold materials will provide sound castings. 
When gas is present in the metal, the additional gas 
derived from the mold material can cause gas porosity
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Table 5-4.
Density Measurements o f  5 " x  4" x  1" C 95400 Castings

Condition Mold Material Density

Highly gassed metal; 
chilled on three sides

Highly gassed metal; 
chilled on three sides 
and bottom

N2 purged metal; 
chilled on three sides 
and bottom

Lightly gassed metal; 
chilled on one side

Dry sand 

Dry sand
Core sand (oil-bond) 
4% H20  Green sand 
6% H20 Green sand

Dry sand
Core sand (oil-bond) 
4% H20  Green sand 
6% H20  Green sand

Sodium silicate 
Alkyd resin 
Dry sand

7.16

7.41 
7.28 
7.18 
7.12

7.47
7.46
7.47
7.47

7.44
7.42 
7.32

NOTE: Dry sand is water-bentonite bonded, then dried overnight at 375F.

A llo y  86500, 3-in. Y-block; gassed. N o  
decrease in properties because the gas is 
driven out by directional solidification.

-x

A lloy  97600, 3-in. Y-block; gassed. Gas 
entrapped so badly that no tensile bar 
was cut.

A llo y  93400, 3-in Y-block; gassed. 
Gases trapped in dendrites led to lower 
properties than in sound material.

Fig. 5-17. Examples o f  progressive solidification in Y-blocks o f  three different alloys, showing the relation between gas 
retention and the degree o f  dendrite form ation  during freezing.

in the casting. Hence, scrap castings can be the fault of 
both the melting and molding departments.

Gating practice is also important, since metal turbu­
lence will add gas to the metal. Correct gating design (as 
discussed in Chapter 7) becomes quite significant when 
dealing with borderline control in metal-gas equilibrium 
and with gas-producing agents in the mold material.

Solidification rate. The prior discussion of chills and 
their effectiveness in gas removal (Table 5-4) points out 
the significance o f solidification rate, or thermal gra­
dient control. The ease of pushing gas out is highly 
dependent upon the alloy system, due to the natural 
variation in dendrite formation among the alloys. In 
this sense, the problem is similar to that of feeding- 
distance control presented in Chapter 8. This concept is 
easily seen in Fig. 5-17 where large 3-in. Y-blocks pro­
vide normal, progressive solidification from the bottom

up to the riser. The three different alloys shown repre­
sent varying tendencies toward dendrite formation. The 
more extensive the dendrites, the more difficult it 
becomes to remove gas.

Although porosity will affect mechanical properties, 
it should be pointed out that the presence o f some gas is 
useful in dispersing shrinkage. When this concept is 
used for pouring into permanent molds, the reduced- 
pressure test helps to maintain the presence of a prede­
termined amount of gas so that shrinkage dispersion can 
be controlled.

Gas and Mechanical Properties
As-cast mechanical properties are dependent upon sec­
tion size. As an example, consider the experimental data 
for aluminum bronze C95400 shown in Figs. 5-18 and
5-19. Both gasses and degassed tensile sample data are 
shown.
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Treatment

WW 1 in. 1 in. 3 in. 6 in. 6 in.
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Cast
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Cast Chilled As

Cast
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Cast
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Treated

Fig. 5-18. The effect o f  section size on the tensile strength and yie ld  strength o f  C95400 alloy when in the gassed and degassed  
conditions. (W W  is standard W eb-W ebbert test bar while other sections are fro m  the bo ttom  o f  Y-blocks.)

In general, lighter sections will meet the minimum 
specifications regardless of whether or not the original 
metal is gassy. However, in the 3-in. and 6-in. section, 
the yields and tensile strengths are higher for the de­
gassed metal (Fig. 5-18). In Fig. 5-19, the elongations of 
the degassed bars exhibit much higher values. It is thus 
possible to exceed minimum specifications with a stan­
dard Web-Webbert bar, or with 1-in. Y-blocks, and still 
have gas-induced lower values for the properties in 
heavier sections. This observation is, of course, depen­
dent upon the alloy since the dendrite network, gas ef­
fect, and section size are all related to the liquidus-to- 
solidus temperature range.

An index of the general alloy response to gas level in 
terms of mechanical properties is provided by the data 
for 3-in. Y-blocks shown in Table 5-5. In all cases, the 
gassy condition refers to the normal saturation value in 
Table 5-3, plus approximately 50% more gas which is 
achieved by the addition o f wet clay discs to the melt 
surface.

The difference in mechanical properties in Table 5-5 
does not represent the effect of gas alone; rather, it 
establishes a comparison o f the best and worst condi­
tions for a 3-in. Y-block. A chill at the base o f the 
Y-block was employed in the degassed condition in 
order to minimize shrinkage defects. The gassed condi­
tion was unchilled in order to combine the effects of 
shrinkage and gas porosity.

Therefore, narrow-freezing-range alloys, such as 
81100, 81500, 86300, and 86500, show little or no effect 
of gas. The gas is readily rejected ahead of the freezing 
front even in the unchilled casting.

In wide-freezing-range alloys, such as 90300, 92200, 
92700, 93200, and 93700, the degassed properties are far 
superior when a chill is used. The gassed condition may 
also meet the specifications in those cases where the gas 
can distribute the shrinkage evenly.

In alloys of intermediate freezing range, there is only 
a modest decrease in mechanical properties due to the 
presence of gas. However, in all cases listed in Table 5-5,
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the properties of metal in the gassed condition are lower 
and the extent of property degradation varies with the 
alloy system.

SUMMARY
Gas removal is an im portant factor in the production of 
castings. A summary of some of the major points 
discussed in this chapter is in order. Detailed recommen­
dations for the melting of specific types of alloys, where 
relevant, are given in the respective alloy chapters. A 
general summary of melting and deoxidation and /o r de­
gassing practices for the principal alloy families is 
presented in Table 5-6. It should be noted, however, that 
no amount of degassing of the molten metal will yield 
sound castings if gas contamination o f the melt occurs 
at some later stage of holding or pouring.

Charging Practice—
Use clean, dry, preheated charge materials; try to 
minimize the use of scrap, returns, turnings, borings,
etc.

Furnaces—
Fuel-fired: Contain high water vapor levels in the 
products of combustion in contact with the melt, 
hence causing a strong tendency for gas pickup.

Induction: Furnace atmosphere (shop air) is generally 
low in water vapor content and high in oxygen; there­

fore, there is a low potential for gas pickup. Reaction 
and diffusion are aided by magnetic stirring.

M elt Time—
Melting time (especially superheating) should be 
minimized in order to prevent establishment of equi­
librium between the furnace atmosphere and the melt, 
particularly in the case of fuel-fired furnaces. Power 
to induction furnaces should be controlled in order to 
avoid violent stirring, with its attendant oxidation 
and melt loss.

M elt Temperature—
Superheat temperatures should be minimized in order 
to obtain homogeneous, clean melts suitable for 
transfer and successful casting. Increased tempera­
tures dramatically increase gas pickup, dressing and 
melt losses.

M elt A tm osphere—
Melt atmosphere should be mildly to strongly oxidiz­
ing, depending upon how readily the alloy will 
dissolve oxygen as compared to how readily it will 
form insoluble oxides (dross). Where oxidation losses 
are o f particular concern (aluminum bronzes, high- 
strength yellow brasses, etc.), a proper melt cover 
material should be used.
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Mechanical Properties o f  3-in. Y-B locks 
(Gassed- Unchilled; Degassed-Chilled)

Table 5-5.

Specification* Degassed Gassed
Alloy Y.S. T.S. el. Y.S. T.S. el. Y.S. T.S. el.
No. Composition ksi ksi % ksi ksi % ksi ksi %
81100 Cu 6.5 19 20 10 26 20 9 24 27
81500 Cr Cu —Not as Cast— 15 31 39 14 32 33
86300 Cu Zn 60.0 110 12 66 110 19 66 107 15
86500 Cu Zn 25.0 65 20 26 66 47 30 72 29

Sn Pb Zn
83300 4 6.0 7.0 10* 32* 35* — — — 5.3 13.5 8
83600 5 5.0 5.0 14 30 20 14.5 33.8 30 9.7 18.3 16
84400 3 7.0 9.0 13 29 18 — — — 10.8 19.3 16
84800 3 6.0 15.0 12 25 15 — — — 10.8 16.0 9
90300 8 — 4.0 18 40 20 20.2 49.5 66 17.0 34.4 24
92200 6 1.5 4.5 16 34 22 20.5 35.0 flaw 15.2 29.5 19
92600 10 1.0 2.0 18 40 20 16.7 26.3 13
92700 10 2.0 — — 35 10 21.0 50.0 55 13.0 18.0 7
93200 7 7.0 3.0 14 30 12 20.0 43.0 36 12.0 18.0 8
93400 8 8.0 — — 25 8 20.1 42.0 45 15.3 21.1 10
93500 5 9.0 1.0 12 25 8 22.4 40.2 33 13.3 18.8 10
93700 10 10.0 — 12 25 8 22.0 45.3 35 16.6 21.1 6

AI Fe Ni
95400 11 4 2 30 75 12 36.0 95.0 17 37.0 74.0 6
95500 11 4 4 40 90 6 49.0 117.0 9 46.0 102.0 8
95800 9 4 5 35 85 18 33.0 85.0 26 36.0 88.0 23

Ni Fe Cb
96200 10 1.5 1 25 45 20 37.8 62.3 21 25.7 46.8 23
96400 30 1.0 1 32 60 20 43.0 81.3 32 30.9 54.9 18

Sn Pb Ni
97600 4 4 20 17 30 8 55.3 67.0 5 Large holes

AI Ni Co
99300 11 15 1.5 55* 95* 2 * 47.0 83.3 5 49.6 67.1 3

Si Zn
87200 4 4 18 45 20 16.3 46.8 42 18.6 43.7 30
87500 4 14 24 60 16 35.0 72.5 14 35.5 70.2 13

‘ Properties are typical, not minimum. Also note that test bars for specification are 1-in. sections. 
To convert ksi to MN/m2: 1 ksi = 6.9 MN/m2.

Table 5-6.
Treatment to R em ove Gas from  C opper A lloys

Yellow Brasses, 
Silicon Brass and 
Manganese Bronze 
C85000-86000 
and 87000 Alloys

Aluminum 
Bronze and 
Phosphor Bronze 
C95000 and 

91000 Alloys

Pure Copper, 
Copper-tin-lead 
and Cupronickels 

C80000, 90000, 
92000 and 96000 

Alloys

All others

No degassing Flush with dry Melt under Melt under
treatment necessary nitrogen at strongly mildly
with high 55 7min. oxidizing oxidizing
zinc content. until gas 

test is passed.
conditions! conditions.

“Exotic” “Exotic” Dexoidize Deoxidize
deoxidizers? deoxidizers? (PCu, etc.) (PCu, etc.)

There are some exceptions depending on zinc content and presence of easily oxidized alloying elements such as phosphorus, aluminum, and 
chromium. Note that it is good practice to melt all materials under slightly oxidizing conditions and to de-gas with nitrogen if the gas test is 
suspect.
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Degassing—
Alloys which do not dissolve oxygen (e.g., aluminum 
bronzes), should be purged with inert gas to remove 
dissolved hydrogen.

Alloys which dissolve oxygen readily (copper, red 
brasses, and cupronickels) or moderately (tin 
bronzes) should be melted under oxidizing conditions 
to suppress hydrogen solubility and should be deox­
idized with just enough deoxidant to  prevent reoxida­
tion during transfer and pouring. If indications of gas 
persist in spite o f adequate residual deoxidizer, the gas 
is probably hydrogen, which can be removed only by 
purging with an inert gas.

High-zinc alloys are self-degassing because o f the 
high vapor-pressure of zinc.

M elt Covers (Fluxes)—
Oxidizing melt covers (copper oxide, silicate-borate 
mixtures) can be used to remove hydrogen or main­
tain it at low levels, and to consolidate drosses and 
oxides for ease of removal. Neutral melt covers (glass, 
dry silica sand) form a mechanical barrier between the 
melt and the furnace atmosphere. This can reduce 
exposure to hydrogen sources but may also prevent 
oxygen absorption; it is generally not reliable for gas 
control but is advantageous for dross removal and 
reduction o f vaporization losses.

Reducing melt covers (charcoal, graphite) prevent ex­
cessive oxidation losses but may be a source of 
hydrogen if they contain moisture or hydrocarbon ad­
ditives. If used in excess they may prohibit oxygen ab­
sorption from the melt atmosphere, thereby allowing 
hydrogen pickup. Reducing melt covers are useful in 
retaining a low oxygen level in the metal after deox­
idation and prior to pouring.

As mentioned at the outset of this chapter, melt con­
trol demands control of all metal variables—ranging 
from the selection of charge materials through control 
of metal solidification. Only with proper consideration 
o f all variables will control be possible.
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Chapter 6 

POURING

INTRODUCTION
To meet today’s needs, many foundry operations have 
become increasingly sophisticated. Sands are better 
formulated and controlled; advanced molding machines 
and systems have been developed to improve produc­
tivity; and induction melting has been widely adopted to 
improve melt quality as well as to satisfy environmental 
regulations. All o f these developments have enabled 
foundries to produce castings more efficiently and o f 
better quality to meet the demands of casting buyers.

Many foundries, however, continue to experience 
casting losses due to improper pouring practices, though 
careful attention is otherwise paid to the quality control 
of materials, molding and coremaking, melting and the 
gating and risering of-patterns. This is perhaps due to 
the lack of training given to operating personnel in the 
area of pouring.

INFLUENCE OF ALLOY TYPE 
ON POURING CONDITIONS
As will be noted in Chapters 7 and 8, the copper-base 
alloys may be divided into different categories on the 
basis of their oxidation behavior during melting and 
pouring. Several families of alloys form rather tena­
cious, insoluble films of oxide on the surface of the 
melt. Such alloys are quite susceptible to  both surface 
and internal defects caused by the entrapment o f these 
oxide films on or within the casting. This is the case for 
such alloys as the aluminum bronzes, manganese 
bronzes, certain high-zinc alloys, chromium-coppers, 
beryllium-coppers and the silicon bronzes and brasses. 
In order to produce high-quality castings from these 
alloys, great care is required in pouring, especially with 
regard to the following:

1) Stirring of the molten metal should be avoided in 
order to prevent oxide films from being thrust 
below the surface. After the ladle is filled or the 
crucible has been removed from the furnace, the 
metal should be carefully skimmed just before 
pouring. Solid metal should not be added to the 
ladle at this point, as is sometimes done to lower 
metal temperature for pouring. Other forms of 
agitation should likewise be avoided. If the metal 
is melted in a tilting-type furnace, for example, 
and must be transferred to a pouring ladle, an 
effort should be made to minimize the height of 
fall of the metal during transfer. This means 
holding the ladle as close to the furnace spout as 
possible. In this respect, a nose-tilt furnace offers 
less difficulty than does a trunnion-mount 
furnace.

2) As will be noted later in Chapter 7, proper sprue 
design is essential in minimizing the aspiration of 
air into the metal stream and in avoiding various 
forms of turbulence during pouring. The use o f a 
rectangular (preferred) or round, tapered sprue, 
with an enlargement well at its base to dissipate the 
energy of the first metal poured, is strongly recom­
mended. Excessively large sprues are difficult to 
fill, and this leads to the aspiration o f air into the 
metal stream. The same problem occurs with 
straight-walled sprues, regardless of sprue size.

3) The pouring cup (or basin) should be placed near 
the edge of the flask so that the lip o f the pouring 
ladle or crucible can be held close to the sprue 
opening.

4) Pouring should be done smoothly and evenly, in 
such a manner as to avoid splashing and interrup­
tion o f the metal stream. With careful pouring of 
these sensitive, skin-forming alloys it is possible to 
form and maintain an oxide “ sleeve” around the 
metal stream entering the sprue, thus protecting 
the molten metal from undue exposure to the sur­
rounding air.

Adherence to the foregoing suggestions when pouring 
this group of alloys will result in the transfer of metal 
from ladle to mold cavity with minimum damage. 
Failure to follow these procedures may result in the en­
trapm ent of oxide films within the casting, reduced 
mechanical properties, internal shrinkage caused by im­
peded feeding, and extensive surface or subsurface 
defects which sometimes are seen only after machining.

The m ajority o f the alloy families listed in Chapter 1, 
fortunately, comprise a second category o f materials 
which do not tend to form strong oxide films when ex­
posed to the atmosphere. This is because these alloys do 
not contain any significant amounts of the “ skin- 
forming”  elements (aluminum, silicon, chromium, 
beryllium). This second category of alloys, which in­
cludes not only copper itself and the cupronickels, but 
the many Cu-Sn-Pb-Zn alloys as well, are therefore 
much less sensitive to damage by turbulence during 
melting, transfer, and pouring. Oxidation o f these alloys 
in the molten condition has two effects. First, a signifi­
cant amount of the copper oxide which forms at the sur­
face of the melt is immediately dissolved. Second, 
oxides o f alloying elements such as tin, lead and zinc, 
which are not soluble in the melt itself, tend to form 
either as dry, flocculent particles or crusts (dross) on the 
melt surface. This dross is a complex mixture, which 
may also include copper oxide. Where fluxes are used to
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cover the melt during melting, much o f  this dross is

dissolved to  form a glass-like slag.
Under normal conditions, these drosses or slags are 

easily skimmed off the melt and the alloy is then deox­
idized before pouring by controlled additions o f  such 
elements as phosphorus, boron or lithium (see Chapters 
5 and 16). The products o f deoxidation (borates and 
phosphates) are fluid slags which rise to  the surface and 
readily separate from the metal. Residual deoxidant 
enables deoxidation to  continue during pouring, pro­
tecting the molten metal from being re-oxidized during 
its passage from the ladle into the mold cavity.

For this category o f alloys, the object is to  prevent the 
entrapment o f floating particles o f  dross o r slag in  the 
casting. When pouring these alloys, the sprue should be 
filled quickly and kept full so as to  prevent any dross 
and slag from  entering the mold. This can best be ac­
complished by the use o f properly tapered sprues, in 
conjunction with pouring boxes or cups (see Chapter 7). 
Turbulence during transfer and pouring should be 
minimized, although these alloys are more tolerant and 
offer a wider latitude in pouring practice than do  those 
o f the first category. Thus, automatic pouring can be 
used successfully with these materials.

Effects of Pouring Hot
The dangers o f pouring metal at excessive temperatures 

numerous. The effect o f increased metal tempera- 
-i—.-»t-rviion and casting porosity was covered

The dangers m ^ j ? ect 0f increased metal tempera- | 
are numerous. e ^  caSting porosity was covered 
ture on gas abs° r^  1 with wide freezing ranges are in- 
in Chapter 5. exhibit microshrinkage and, when 
herently prone to develop macroshrinkage and 
poured too ho ’ dness. Metals likewise oxidize ex- 
severe interna u ra tures, leading to problems of
cessively at nig tion and possible casting inclu-
dross and slag wdl exhibit reduced mechanical
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pouring temp atures also increase the reactivity
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POURING TEMPERATUREIn order to  maximize the yield o f  high-quality castings it 
is essential that pouring tem perature be closely con­
trolled. When we speak o f pouring tem perature we 
mean the temperature o f  the molten metal as it enters 
the sprue. Metal poured either too  hot or too  cold may 
cause defective castings. Ideally, the lowest possible 
metal temperature should be sought which will produce 
the greatest number o f  satisfactory castings. Usually, 
the optimum pouring tem perature range must be deter­

mined by experimentation.
In  production shops where pouring is done manually, 

several molds will be poured from  the same ladle and 
there will be a  continuous drop in metal temperature 
from  the first to  the last mold poured. Trial runs can be 
made to  determine the quality o f castings poured over a 
rather wide range o f tem perature, using visual examina­
tion, fracture testing, or other means o f testing for 
quality (such as pressure testing, etc.). Tests o f this kind, 
in  combination with studies o f gating and risering 
systems, will provide data  which include the establish­

m ent of:
•  initial pouring tem perature (and allowed variation)

•  permissible number o f molds poured per ladle

•  pouring rate (lb per sec) for each mold 
Foundries in which this inform ation is well-

established, and where pouring is consistently con­
trolled, produce minimal amounts o f scrap. In  far too 
m any cases, however, pouring is not considered as im­
portant as melting and molding, resulting in the produc­
tion o f excessive levels o f  inadequate castings.

Effects of Pouring Cold
The most obvious, visible effect or pouring too cold is 
the presence o f misruns and cold-shuts (although these 
defects can also be caused by other factors, as listed in 

15T Even more serious, however, low pouring
- • — lmi, nf

the p re s e n t  -defects can also be caused by otner îaciors, as listea in 
Chapter 15). Even more serious, however, low pouring 
temperatures may result in  partial loss of directional 
solidification (as well as feeding by existing risers), 
resulting in internal shrinkage porosity or cavities. In 

- this condition may develop, it may be
— u .  --------------j  _
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resulting in internal shnnK agc ^  j cavities. In
cases where this condition may develop, it may be 
necessary to  reduce the number of molds poured per 
ladle, or to  insulate the ladle against heat loss during

pouring.
The reduced fluidity and increased surface tension 

associated with metal temperature loss may also con­
tribute to increased entrapment o f loose solid particles 
(sand, dross, slag) or gas bubbles by the solidifying

casting.

POURING RATEThe terms pouring rate and pouring speed are often 
used interchangeably and are usually expressed in terms 
of pounds o f metal poured (into the mold) per second. 
The figure is determined by timing the start and end of 
pouring and by weighing the total casting—including 
sprues, gates, runners, risers, and so on. It is important 
to  understand, however, that as the level of the metal 
rises in the mold cavity, the back-pressure, or “head,” 
causes a  continuous decrease in the instantaneous rate 
o f filling. This effect is most significant for tall, bottom- 
gated castings. The s o -c a l le d  pouring rate, as calculated,



Fig. 6-1. Left: Side-operated and vertical lift-out tongs both equipped with stops limiting maximum pressure on the crucible. 
Center: (1) Hand lift tongs, (2) with eye bolt for mechanical hoist, (3) with side trunnions and bail for lifting. Right: Tongs that 
fit increase crucible life. Correct fit  o f tongs is shown at A. Crucible may be cracked by tongs pinching across the top, as 
shown at B.

is actually the overall ̂ average rate required to fill the 
mold completely.

Regardless of the gating system used (see Chapter 7), 
the maximum pouring rate will be that which keeps the 
sprue and pouring basin full (a condition which should 
always be maintained). By filling the sprue as quickly as 
possible and keeping it full throughout the pour, it is 
possible to minimize the aspiration of air into the metal 
stream and the entrapment of solid inclusions such as 
sand, slag, and dross. Furthermore, each mold will thus 
be filled in a consistent, reproducible manner. Hence, all 
molds should be poured at, or close to, the maximum 
rate permitted by the gating system. In Chapter 7, deter­
mining the proper fill rate will be discussed, as well as 
designing the size and location o f “ chokes”  to achieve 
such a fill rate.

MANUAL POURING
In the m ajority of today’s copper-base alloy foundries 
pouring is done manually. The equipment provided for 
the transfer, handling, and pouring o f metal depends 
upon the size and production level of the foundry, the 
size range of the castings being produced, alloy type be­
ing poured, and melting facilities available.

Crucible Pouring
In smaller foundries, melting may be done in stationary 
(lift-out) crucible furnaces which are fuel-fired, or in 
small, high-frequency induction furnaces of either the 
push-out or lift-coil type. In each of these cases, the 
metal is poured from the same crucible that is used for 
melting. With the lift-out furnace, it is f irs t necessary to 
remove the crucible from the furnace by means of 
tongs, different types of which are shown in Fig. 6-1. 
Except for very small melts, it is preferable that the 
tongs be provided with either a ring or a bail, through 
which a crane hook may be inserted for hoisting the 
crucible. Regardless of any special features, tongs

should be designed to fit the crucible contour smoothly 
below the bilge without danger of crushing the upper 
circumference (Fig. 6-1, right). Note also that tongs 
should be provided with threaded, adjustable stops 
which can be set to limit the degree o f gripping pressure. 
These features are intended to prevent undue stress or 
possible cracking of the crucible as it is gripped and 
hoisted from the furnace. Clay-graphite crucibles, in 
particular, lose strength at elevated temperatures and 
can be damaged if handled carelessly. Silicon-carbide 
crucibles exhibit somewhat greater strength when hot 
and, although more expensive, are preferred by many. 
Note that silicon-carbide crucibles cannot be used in 
high-frequency, induction-melting furnaces because 
silicon-carbide is an electric susceptor and impedes 
melting.

For pouring, the crucible is transferred to a shank, 
usually o f the type shown schematically in Fig. 6-2, with 
a safety catch provided to  prevent the crucible from 
sliding out of its retaining ring during pouring. (When 
transfer is made, it is good practice to avoid setting the 
hot crucible against a heat-conducting or chilled surface 
in order to  avoid thermal shock.) The shank is often 
placed in a bail, suspended by chain-hoist from a 
m onorail, for greater ease in transport and pouring. In 
such cases, the bail should be mechanically latched to 
the shank so that the latter cannot tilt until disengaged 
by the pouring operator.

Fig. 6-2. Pouring shank with safety catch over top of 
crucible.

105



Fig. 6-3. Pouring shank with hinged support ring for use 
with crucibles in push-out or lift-coil induction furnaces.

A pouring shank design intended for use with lift-coil 
or push-out induction furnaces is shown in Fig. 6-3. 
Notice that the support ring which holds the crucible is 
actually hinged, permitting the ring to be opened and 
then closed around the crucible as it sits on its pedestal. 
The ring is locked in the closed position by inserting a 
hinge pin.

Where numerous small heats must be cast regularly, 
crucible pouring offers flexibility and versatility to 
foundry operations. It must be recognized, however, 
that the good thermal conductivity of crucible 
materials, which is most advantageous from a melting 
standpoint, is a decided disadvantage once the crucible 
is removed from the furnace. This is because o f the 
rapid loss o f heat by radiation and conduction from the 
crucible walls and the consequent fast drop in metal 
temperature. Unless delays in metal transfer and pour­
ing are minimized, control o f pouring temperature when 
using crucibles can be a serious problem. This explains 
the preference for refractory-lined ladles in foundries 
pouring moderate to large quantities of metal.

Ladle Pouring
The larger-capacity melting furnaces used in copper- 
base alloy foundries were discussed in Chapter 4. 
Whether tapped by tilting of the furnace or by gravity 
run-out, the metal from these furnaces is usually 
transferred to preheated, refractory-lined ladles of 
suitable design and capacity and then delivered to the 
mold storage area for pouring. In general, ladles are 
designed to hold a minimum of about 400 lbs of metal 
and are sometimes much larger, as in foundries produc­
ing marine propellers or large valve and pump parts. Fig. 6-5. Section through a teapot ladle.
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Ladles used for pouring copper-base alloys are 
generally of two basic types: the conventional lip-pour 
ladle (Fig. 6-4), and the so-called “ teapot”  ladle (Fig.
6-5).

The teapot ladle receives its name from the fact that it 
is provided with a deep, internal well adjacent to the lip. 
Since the opening to this well is near the bottom  of the 
ladle (as in a teapot), metal enters the pouring spout 
from beneath the metal surface, thereby retaining in the 
ladle any particles of floating slag, dross or other solid 
impurities. In effect, the spout acts as an automatic 
skimmer.

As general practice, pouring ladles are lined with 
high-silica refractory mixes which may be of either the 
ramming, castable or vibratible-plastic type. For handl­
ing aluminum bronzes, it may be advantageous to use

G R A P H I T E  L A D L E  L I N E R

Fig. 6-6. Diagram o f installation o f a graphite liner with 
insulation in a steel shell, lip-pour ladle.

Fig. 6-7. Pouring bronze castings from a ladle shell lined 
with graphite; teapot-type liner providing skimmer and 
bottom-pour tube.

alumina/silica refractories; the value o f the longer life 
o f these refractories often outweighs their higher initial 
cost. All types of refractory mixes require care when lin­
ing in order to avoid areas o f low density or inclusions 
of air pockets. M anufacturers’ recommendations 
should be followed explicitly with regard to curing, 
preheating and firing before use. Heat losses from ladles 
are minimized by placing a layer of insulating material 
between the outer steel shell and the refractory lining.

Graphite ladle liners are sometimes used in place of 
refractories for special applications. These liners are 
available in limited size ranges for both the conventional 
lip-pour (Fig. 6-6) and the teapot-type (Fig. 6-7) ladle.

The size and weight of pouring ladles necessitate that 
they be mechanically raised and lowered during pour­
ing. For this reason they are invariably provided with 
trunnions which are suspended by a bail, permitting the 
assembly to be raised and lowered by a crane, hoist or 
rack-and-pinion gear. The rack-and-pinion gear (Fig.
6-8) is commonly used with smaller ladles, operated by a 
single pouring operator. With larger ladles, pouring is 
done by means o f a handwheel-operated, enclosed 
worm-gear device (Fig. 6-9), with separate operators for 
skimming and control of ladle height.

There are several important points to be kept in mind 
in the operation and selection of pouring and handling 
equipment:

Fig. 6-8. One-man pouring ladle (with cover), provided with 
enclosed rack-and-pinion gearing and handwheel for height 
adjustment.
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Fig. 6-9. Typical large lip-pour ladle with enclosed worm- 
gearing and handwheel for pouring.

Selection considerations
• Ladle size should be tailored to the average size and 

quantity of molds to be poured, taking into ac­
count time lapse, rate of tem perature drop, and 
degree of tempefafifre control required.

• Skimming of ladles should be provided for, either 
by personnel or by mechanical devices (including a 
teapot ladle design).

• Foundry layout, metal transport systems, and pro­
duction scheduling should be selected and con­
trolled to permit prompt pouring of metal with a 
minimum degree of superheating. Insulating top- 
covers on ladles should be considered as a means o f 
reducing radiant-heat losses during transfer.

• Pouring temperature control should be established 
at the pouring stations, wherever they may be, and 
not in the furnace room.

• Sprue locations should be standardized on molds, 
preferably along the front edge of the cope flask, 
and not impeded by placement of mold weights. 
Where practical, suitably designed pouring boxes 
should be used.

• High-intensity lighting should be provided at all 
pouring stations in order to assure good visibility to 
operators.

• Pouring areas should have ample horizontal and 
vertical clearance for ease in handling and 
manipulation of ladles and for unimpeded pouring.

• Pouring areas should be provided with clean, dry, 
firm, and safe footing.

• Mold filling rate and sequence, as established by 
carefully designed gating systems, are compro­
mised by the practice of pouring molds on an in­
cline; molds should be level when poured.

• Ideally, the opening of the sprue or pouring box 
should be at a level midway between the knees and 
hips o f the pouring operator. Outside of this range, 
pouring becomes more difficult. The relative

heights of conveyors, flooring, flasks, monorails, 
ladle trunnions, and so on, should all be considered 
with this in mind.

• Good ventilation in the pouring area is im portant 
not only to health but for improving operator 
visibility; hood and ducts, however, should be 
placed in such a way as to avoid shadows being cast 
on the sprue location.

Operations

• In establishing a tem perature control system for 
pouring, specific authority and disposition pro­
cedures should be defined for cases where metal is 
at the wrong tem perature; cold metal should be 
returned to the furnace room or pigged, not poured 
into molds on the off-chance that some good 
castings may result.

• Consideration should be given to offering quality 
incentives to pourers.

• Constant effort should be made to avoid spillage 
and splashing and to  maintain a pouring height 
(ladle to sprue) no greater than six in. mold-to- 
mold (preferably less).

• In the case o f autom atic molding operations, every 
means should be considered to  avoid pouring 
molds manually when they are moving continu­
ously or intermittently along a mold conveyor.

• Lips and spouts o f pouring ladles should be kept 
free from obstructions or accumulations which im ­
pede pouring.

Failure to consider or apply the above-mentioned 
ideas has resulted in substantial monetary and produc­
tivity losses for many foundries over the years. Obser­
vance of these points can result in great savings, often 
with little expenditure.

AUTOMATIC POURING
The problems associated with manual pouring o f sta­
tionary molds, as just described, become even more dif­
ficult (if not impossible) when dealing with non- 
stationary molds. Such is the situation when foundries 
adopt autom ated molding systems capable o f high rates 
of mold production. A ttempts to pour metal manually 
into continuously or intermittently moving molds create 
serious problems o f spillage, splashing, interruptions in 
pouring, washed-in sand, misruns and cold shuts. Time 
simply does not permit adequate pouring temperature 
control, and scrap losses can become exorbitant. In the 
early days of autom atic, high-production molding lines 
it was observed that those foundries most efficient in 
mold production were those which suffered the greatest 
losses from manual pouring operations.

Automatic pouring systems were seen as the practical 
solution and, during the past three decades, research 
and development has led to the introduction of dozens
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of patented systems for automatic pouring. Virtually all 
systems are based on the concept that the molds pass 
directly beneath the pouring device which is adjacent to 
a holding furnace and melter. Furthermore, mold size 
and sprue location are standardized. Several basic 
features are common to all automatic pouring systems:

• close control of metal temperature is provided, 
usually by means of an electric induction holding 
furnace,

• a means for dispensing a metered quantity (by 
weight or volume) of molten metal within a time 
span corresponding to the required pouring cycle is 
provided,

• the metal is directed, without turbulence, into the 
sprue opening (incorporating some type of tracking 
technique if the mold is moving during pouring),

• sequential indexing o f the pouring spout from one 
mold to the next is provided, with an indicator to 
signal the start of pouring.

The many types of -automatic pouring systems cur­
rently in use will not be listed here. By design, many 
systems are more efficient for use with large molds or 
for use with ferrous alloys. Of those which have been 
adopted for use in copper-base alloy foundries, virtually 
all have been of the “ pressure-pour” type, involving a 
channel-type induction holding furnace.

With the pressure-pour automatic pouring system, 
the holding furnace receives metal either by transfer 
ladle, through a refractory fill tube, or by launder from 
adjacent melting furnaces. When air pressure is applied 
to the interior of the holding furnace (see Fig. 6-10), 
molten metal rises in the pour tube as well as in the fill 
tube. Since the exit' level of the pour tube is well below 
that of the fill tube, molten metal can leave the furnace 
only through the pour tube. The weight (or volume) of 
metal dispensed from the furnace is determined by the 
degree and duration of the applied pressure, the work­
ing level of the bath, and the diameter of the pour tube 
opening.

FILL TUOE

Fig. 6-10. Schematic view o f channel-induction furnace with 
fill tube and pour tube, designed for automatic pressure- 
pouring.

Pouring Moving Molds
The system depicted in Fig. 6-10 is designed to pour 
molds as they move along a conveyor. To accomplish 
this, a metered quantity o f metal from the furnace is 
discharged directly into an elongated pouring basin, 
which is lined with refractory and provided at one end 
with a replaceable orifice. At the beginning of the pour­
ing cycle the basin is indexed in such a position that its 
orifice is directly over the sprue opening of the mold to 
be poured. The basin locks mechanically to the mold 
and actually travels with it along the conveyor as metal 
is dispensed from the furnace, via the basin, into the 
mold. The length o f the basin is such that its opening re­
mains beneath the pour tube of the furnace long enough 
to receive all the metal which is dispensed. The basin 
travels along the conveyor, with the mold, until it is 
drained of metal. At this point, contact with a limit 
switch disengages the basin from the poured mold and 
causes it to return to its original index position, awaiting 
the arrival of the next mold in line in order to repeat the 
cycle.

In a somewhat different version, the movable basin is 
replaced by a launder which is hinged so it may pivot 
horizontally in order to track the sprue-opening o f the 
moving mold. The launder is also designed to 
“ telescope”  its length in tracking along a straight con­
veyor line.

Pouring Stationary Molds
A somewhat more specialized application o f the 
pressure-pour system involves the use of an elongated 
pour spout for directing metered quantities of metal 
into stack-mold assemblies which are sequentially 
indexed in pouring position (Fig. 6-11). An im portant 
feature in the operation of this system is the 
maintenance of a “ ready level” of metal in the pour 
spout by means of controlled internal pressure on the 
bath, and using timed application of “ over-pressure”  to 
dispense the amount of metal required.

Advantages of Automatic Pouring
Aside from eliminating the many causes of defects aris­
ing from manual pouring variations, the use of 
automatic pouring can result in many economic and 
qualitative improvements, as follows:

Temperature Control
Pouring temperature, mold-to-mold, can be held easily 
within ± 10F (5.6C), permitting selection o f optimum 
pouring temperature for every mold poured. This com­
pares with an average range of some 100F (56C) for 
manual pouring. Nominal pouring temperature can be 
markedly lowered without danger of misruns, thereby 
achieving not only energy savings but improved casting 
soundness and strength as well.

Control o f  Poured Weight
Since there is no splashing or spillage during pouring, 
more molds can be poured with the same am ount of 
metal and the system sand will remain relatively free of
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Fig. 6-11. Channel-induction furnace with extended p o u r spout, designed fo r  autom atic pressure-pouring o f  indexed, stack 
molds; ready-level in furnace m aintained by controlled back-pressure. (Courtesy Inductotherm Corporation, Rancocas NJ)

contamination from metallics. The control systems 
available today permit replication o f poured weight with 
only a small (± 2% ) variation.

Increased Casting Yield
If yield is considered as the ratio o f weight-of-castings- 
produced to weight-of-metal-melted, it can be ap­
preciated that much higher yields result from the 
elimination of “handling” losses when automatic pour­
ing is used. For example, there are no losses due to 
spillage and pigging o f cold metal. Equally im portant, 
the ability to control precisely the amount o f metal 
entering the mold makes it possible to  allow the metal 
height in the mold to  drop below that o f the sprue cup in 
many cases, without compromising the filling of the 
mold cavity or feeding of the casting.

M etal Cleanliness
W ith automatic pouring using the “ pressure-pour” 
system, clean, dross-free metal is delivered to the sprue 
o f every mold. To minimize the oxidation of zinc and 
other alloy constituents, flake graphite is often spread 
on the surface of the molten metal in the holding fur­

nace (dross and expended graphite should be skimmed 
away from time to  time). Deoxidation of the metal is 
best accomplished by metered additions of 15% 
phosphor-copper shot to the metal stream while addi­
tions are made through the fill tube. Dross formation 
and heat losses are further minimized by placement of 
gas burners (with slightly reducing flame) at such loca­
tions as: 1) at the top o f fill tube, 2) above launders, 3) 
at the top o f the pour tube, and 4) in the movable pour 
basin. The momentary exposure of the melt to reducing 
atmospheres does not appear to  allow ample time for 
gas absorption to  occur.

Control o f  Pour Rate
W ith the use o f a movable pouring basin in conjunction 
with the pressure-pour system, pour rate is established 
by the size o f the orifice in the basin. The latter is ad­
justed to match the flow rate o f the choke in the gating 
system. The initial rate o f metal delivery should momen­
tarily be somewhat greater in order to fill the sprue; 
once this is accomplished, the rate of metal delivery 
should be such as to  keep the sprue full. When metal 
from the pour tube is being discharged directly into the
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mold sprue, this variability in flow rate can be program ­
med into the controls of the automatic pouring system, 
achieving a consistency in pouring which cannot be con­
sistently matched by human skill.

As with any mechanized system, maintenance of 
equipment is essential if consistent results are to be ex­
pected. Proper adjustment of controls is also critical.
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Chapter 7 

GATING OF COPPER-BASE ALLOYS

INTRODUCTION
The m ajor function of a gating system is to deliver clean 
metal into the mold cavity from the ladle without 
deteriorating the quality of the metal. Secondary con­
siderations, such as ease o f molding, removal o f gates, 
and high casting yield, should not result in a gating 
design that hinders the production of high-quality 
castings.

ALLOY SYSTEMS
Copper-base alloys are commonly classified into three 
groups based upon freezing range—a factor which is 
relevant to their feeding and risering characteristics. 
This grouping system also serves to classify the alloys 
according to their gating requirements.

Group I consists of alloys with a narrow freezing 
range, or a range of less than 50C (90F) between the 
point where solidification begins (liquidus) and the 
point where the alloy is completely frozen (solidus). 
Specific alloys in this group are the aluminum bronzes 
(C95200-95800), yellow brasses (C85200-85800), 
manganese bronzes (C86100-86800), copper and 
chromium-copper (C81100 and C81500) and white 
manganese brass (C99700). The narrow freezing range is 
caused by alloying with large amounts of elements such 
as zinc, aluminum or manganese, or with smaller 
amounts of chromium. All of these elements are readily 
oxidized and form tough, insoluble oxide skins. Hence, 
the pouring and gating systems for this class of alloys 
must be carefully designed to avoid turbulence which 
might result in oxide skins being trapped as inclusions in 
the casting. These inclusions cause marked deterioration 
in mechanical properties. Pure copper is a special case 
since it can readily absorb large quantities of oxygen 
under turbulent conditions. This dissolved oxygen, in 
combination with dissolved hydrogen, can then give rise 
to “ steam”  porosity when the casting solidifies. If  an 
excess of deoxidant is present, pure copper is less sen­
sitive to turbulent flow (see Chapter 14).

The alloys having intermediate freezing ranges 
(Group II) have a range between liquidus and solidus 
points of about 50 to 111C (90 to 200F). Alloys in this 
group do not form oxide films as readily as do those in 
Group I; however, with the use of a more turbulent 
gating system a considerable amount of dross can be 
generated. It is safest, therefore, to use non-turbulent 
gating systems with these alloys. Group II alloys consist 
of the silicon bronzes and brasses (C87200-87600) and 
the copper-nickel alloys «(C96200-96600). It may be 
noted that in alloys containing silicon, the presence of 
lead increases the tendency for dross inclusions to form.

Similarly, an increase in alloying elements such as col­
umbium (niobium), beryllium, and chromium causes 
greater problems with oxide inclusions in cupronickels.

The wide-freezing-range alloys (Group III) generally 
have a freezing range o f well over 111C (200F) and often 
closer to 167C (300F). This is especially true for tin 
bronzes, where the tin-rich phase is the last to solidify. 
In leaded alloys of this group, the lead phase is not com­
pletely frozen until a temperature of 327C (62IF) is 
reached. Group III alloys have a relatively low oxida­
tion tendency and are usually deoxidized with 
phosphorus. The residual phosphorus inhibits oxide 
film formation during pouring by combining with any 
free oxygen present to form small globules of a fluid 
slag (copper phosphate), which readily rises through the 
molten metal to the top of the mold cavity. Thus, there 
are no internal oxide films to impair properties. Since 
these alloys are relatively insensitive to turbulence, 
many different gating systems may be used; simplicity 
of design, and gate placement to enhance proper se­
quence of solidification would be im portant considera­
tions here—as opposed to the avoidance of turbulence. 
Alloys in this group include the leaded red brasses 
(C83600-84200), leaded semi-red brasses (C84400- 
84800), tin bronzes (C90200-91700), leaded tin bronzes 
(C92200-92700) and high-leaded tin bronzes (C92800- 
94500).

POURING BASIN
Production of high-quality castings requires not only 
proper melting and molding operations and properly- 
designed pattern equipment but also an understanding 
of the principles of gating so that clean metal can be 
delivered to the mold cavity with a minimum amount of 
turbulence. A pouring basin allows a sprue to be filled 
quickly and maintains a constant head throughout the 
pour.

If the weight of poured metal in a mold exceeds about 
thirty pounds, a pouring basin offers many advantages. 
The pourer can direct the flow of metal from the ladle 
into the basin with less chance of spillage, and the sprue 
need not be located near the edge of the mold. The 
pouring ladle can be brought to within an inch or two of 
the basin, and a continuous flow rate may be more eas­
ily maintained through a larger pouring head. If there 
are any brief interruptions in pouring the metal into the 
basin, the surplus metal will take up the slack until 
pouring has resumed. The major disadvantage of using 
a pouring basin is that yield is lowered, resulting in more 
metal to be recycled; however, if pouring is discontinued 
before the metal reaches the top of the risers, the excess
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Fig. 7-1■ Pouring basin
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Fig. 7-2. Section o f  a typical sand m old with pouring basin.

metal from the pouring basin will drain into and fill the 
risers, thus minimizing waste. Recommended pouring 
basin shapes are shown in Figs. 7-1 and 7-2. Several ex­
cellent techniques have been used to produce basins in a 
uniform and consistent manner. These include air-set or 
oil-bonded cores which are placed on top of the sprue 
just after the mold reaches the pouring station. For 
squeezer molding, a pouring basin may be rammed up 
when the follow board squeezes the cope. For 
cleanliness and ease o f pouring, a basin is most 
necessary for molds whose poured weight exceeds about 
thirty pounds. The reduction o f metal spillage will more 
than pay for the small cost o f producing the pouring 
basins. When pouring, the metal stream should be 
directed to the back of the basin, away from the sprue 
area, and the metal level in the basin itself should be 
maintained at a height o f about two inches or greater.

SPRUE
The correct sprue size is the single most im portant fac­
tor in the gating system. If a wrong size is selected, or if 
the sprue has either no taper or a reverse taper, the 
damage done to the metal entering the mold cavity may

be extensive and difficult to correct. Since most molders 
can select their own sprues, a good supervisor will see 
that molders are limited to the use of sprues that meet 
the requirements for a non-turbulent flow of metal into 
the gating system. If a pouring basin is not used, the 
sprue acts as a funnel which delivers metal into the mold 
cavity. A wide-topped sprue will accomplish this with 
minimum spillage.

Since most high-production molds which require less 
than about 30 lbs of poured weight involve flasks with 
4- to 6-in. cope height, a standard sprue size may be 
used with these for all copper-base alloys. The top third 
of the sprue is the funnel portion, which should have an 
opening diameter o f about two inches. The remaining 
portion of the sprue should taper downward to a final 
opening diameter of between Vi and Vs in., depending 
upon the desired pouring rate (Fig. 7-3). Since separate 
pouring boxes are not used for making smaller castings 
in high-production molding, the design of the sprue 
shown in Fig. 7-3 may be vertically compressed to fit, 
for example, a 6-in. cope, and the pouring box can be 
replaced by a “ funnel”  which is molded or cut into the 
top of the cope.

There are many charts and formulas for calculating 
the dimensions of a tapered sprue (excluding the pour­
ing cup, which may be of any shape—from a hand-cut 
cone to the more elaborate pouring basin shown in Fig. 
7-2). First, the desired pouring rate is selected and then 
the required sprue exit diameter is determined (Fig. 7-4) 
based upon the expected height o f metal in the sprue 
and the pouring basin (if any). (Selection of the pouring 
rate will be discussed later.) Once the sprue exit diameter 
is obtained, the proper entrance diameter can be deter­
mined (Fig. 7-5). Correct sprue dimensions become in­
creasingly critical as the sprue height increases beyond 
12 inches. For short sprues (4 to 6 in.), it is common 
practice to taper sprues 5 to 10 degrees per side. No 
harm will be done by too much taper other than that the 
total weight of metal poured will be increased.

In many cases, such as in horizontal shell-molding or 
with some automatic molding machines, a reverse-taper 
sprue must be used. One way to compensate for this is 
to make a separate, tapered sprue-core as shown in Fig. 
7-6 (a) and to insert this core in the reverse-taper sprue 
cavity before the mold is closed for pouring. Metal 
pressure is usually sufficient to keep the core insert in 
place, and this technique works quite well in shell 
molding.

The importance of using a proper sprue cannot be 
over-emphasized; a sprue with a downward taper is 
filled much more quickly, is kept full during pouring, 
and causes a minimum amount o f air to be sucked into 
the metal stream as it flows downward. In conjunction 
with correctly designed runner and gate systems, a 
proper sprue also ensures that each successive mold is 
filled in exactly the same way. This helps assure that all 
castings are of uniform, reproducible quality. In addi-
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Fig. 7-3. Typical sprue design fo r  reduced turbulence.

SPRUE EXIT DIAMETER i n c h e s

Fig. 7-5. Suggested entrance and exit diam eters fo r  sprues o f  
various heights.

tion, the sprue is of great benefit in trouble-shooting, 
since defects will also be produced consistently, and can 
therefore be eliminated by logical procedures. This is 
often difficult under turbulent flow conditions where 
defects appear and reappear in different locations.

SPRUE BASE
Since velocity of the stream is maximum at the bottom 
of the sprue and is proportional to the square root of the 
height of fall of the metal, it is mandatory that a well be

Fig. 7-4. F low  rates o f  copper-base alloys through tapered  
sprues o f  varying diam eter and height.

(b) (d)

Fig. 7-6. A lternative m ethods fo r  correcting the problem  o f  
a reverse-tapered sprue.

used at the sprue base to cushion the falling stream of 
metal. The well also changes the vertical flow o f the 
metal into a horizontal flow with the least amount of 
turbulence in the runner. Recommended size for the 
well-depth should be about twice that of the drag run­
ner; the diameter should be two to three times that of 
the sprue base. A well with a depth of 1 to Vh inches 
and a diameter of \ xh  to 2 inches is usually adequate for 
most sprue sizes and pouring rates. The use of larger 
well dimensions will cause a slight reduction in casting 
yield percentage.

CHOKES
The optimum method for controlling pouring rate is by 
properly sizing the exit diameter of a downward-tapered 
sprue. The exit diameter becomes the “ choke” in the 
entire runner and gate system, since it is the smallest 
cross-sectional area through which the metal flows on
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its way into the mold. If the downward-tapered sprue 
cannot be used, it is necessary to employ an alternative 
method of providing a choke at or near the sprue base.

One technique, often misapplied, is the use of so- 
called “ strainers” or “ strainer cores”  at the base of the 
sprue. Strainers with multiple holes can only remove the 
larger pieces of dross or nonmetallics and divide the 
metal flow into multiple small streams, thus increasing 
turbulence, exposure to air, and formation of oxides 
and dross inside the mold. These strainers, made of core 
sand, tinned steel, mica, fiberglass or ceramic, only 
restrict the rate of metal flow. For this reason, it is best 
to provide only a single hole which has the correct exit 
diameter of a properly tapered sprue, as shown in Fig. 
7-6 (b). Such choke cores should never be placed at the 
top of the sprue as in a pouring basin.

A somewhat less common, though effective, tech­
nique is to use an equilateral cone-shaped core, which is 
placed in the center of the pouring well at the sprue base 
as shown in Fig. 7-6 (c). In this case, the ring-shaped 
opening between the sprue opening and the cone must 
be sized to provide the proper choke area.

Perhaps the most familiar technique (Fig. 7-6, d) is to 
provide a restriction in the runner about one inch from 
the pouring well (never at the gate area). These restric­
tions should be smoothly contoured and placed at the 
bottom  of the drag runner, as shown. The thickness of 
the choke-opening should be from one-fourth to three- 
fourths that of the full runner height, and the cross- 
sectional area of the choke should not exceed one- 
fourth the area of the sprue base. Placement of the 
choke close to the pouring well ensures that the sprue 
can be filled quickly and be kept full throughout the 
pour. This also permits dissipation of any turbulence 
before the stream reaches the gate locations.

Unless they are removed during cleaning operations, 
choke cores represent a possible contaminant when 
recharged to the melting furnace. Tinned steel is the 
worst in this regard since it can introduce excessive 
amounts of iron into the melt, resulting in hard spots 
which damage tools during machining. The best choke- 
core materials are mica and fiberglass, since they are 
relatively thin and can be placed over the sprue well at 
the parting line before mold closure, requiring no 
special prints on the pattern.

POURING RATE
Pouring rate depends upon factors such as weight of the 
casting, section size, sprue height, and alloy system. For 
small work (30 lbs or less), most Group III alloys are 
poured manually at about 4 lbs per second. Light 
memorial-plaque castings are successfully poured at 10 
lb/sec, and many autom atic pouring units operate at 8 
to 10 lb/sec. Where the weight poured per mold is under 
30 lbs, Group I alloys are poured at between 2 and 4 
lb/sec in order to obtain clean, non-turbulent condi­
tions.

Figure 7-4 shows sprue exit diameters required, at 
varying sprue heights, for specific flow rates during 
pouring. Table 7-1 shows values of flow rate at sprue 
exits for commonly used sprue sizes of varying heights 
and diameters. When a sprue height of 4 to 6 in. is used, 
a sprue exit diameter of V to 3/4 in. is adequate to obtain 
a flow rate of 2 to 4 lb/sec. This is quite satisfactory for 
castings with gross weight of less than 30 pounds. It 
should not be necessary to use a Vs to l ’/s in. sprue exit 
unless pouring plaque work or using automatic pouring. 
Sprues for most production work have exit diameters 
between Vs and V4 in., which is sufficient to pour most 
molds at a rate of up to 30 lbs in 8 to 10 seconds. The 
total pouring time in seconds may be estimated by 
dividing the total poured weight of the mold (castings 
plus gates and risers) by the flow rate indicated for the 
selected sprue exit diameter, as shown in Fig. 7-4. Actu­
ally, the flow rate through the bottom  of the sprue does 
not remain constant throughout the pour. Instead, it 
decreases as the metal level in the mold cavity increases, 
thus causing “ back pressure” by the decrease in the 
effective height (head) o f metal in the sprue. This reduc­
tion of flow, causing an increase in pouring time, is 
called the “ delivery factor,”  and is greater for tall 
castings of height approaching that of the sprue than it 
is for flat castings. Thus, if the casting is one-fourth as 
high as the total height of the sprue and pouring basin, 
the delivery factor is 1.1 times the calculated pouring 
time. This information is shown in Table 7-2 and in Fig.
7-7.

As noted, the optimum pouring rate varies, depend­
ing on the size and thickness of the casting. An estimate 
of the best pouring rate may be obtained from the equa­
tion:

Where
W = Flow rate in lbs per second 
Wt = Weight of the casting in pounds 

T = The average of the thinner section thickness 
in inches

This is also shown graphically in Fig. 7-8 for different 
section thicknesses. None of these calculations give ab­
solute values because of the effects of friction, imprecise 
dimensioning of the sprue, runner and gates, casting 
design, relative volume of the casting above and below 
the parting line, height of the pouring lip above the 
sprue, and so on. However, the calculations provide a 
starting point from which sprue dimensions can be 
modified as a result of actual, measured pouring times 
plus an assessment of casting quality and surface finish.

It would be expected that large castings would require 
much larger sprues in order to give reasonable fill times.
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Table 7-1. Flow Rates o f  Copper-Base A  lloys Through Tapered 
Sprues o f  Varying Diameter and Height

Area
Sprue

Diameter
Flow Rate (lbs/sec) for Sprue Height

(In-2) (In.) 4 in. 6 in. 12 in. 24 in. 48 in.
.2 1/2 1.8 2.0 3.0 4.0 6.0
.3 5/8 2.8 3.3 4.5 6.0 9.0
.44 3 /4 4.0 4.5 6.5 9.0 13.5
.60 7/8 5.5 6.5 9.0 12.5 18.0
.785 1 7.5 8.5 11.5 16.5 29.5

1.0 1 1/8 9.5 10.5 17.0 20.5 30.0

Table 7-2. Delivery Factor For Bottom -Run Castings

If casting is as high as sprue x 2 
% as high as sprue x 1.3 
1/2 as high as sprue x 1.2 
Va as high as sprue x 1.1

However, large castings require large flasks and, 
therefore, higher spru_es; thus, the effect is self- 
compensating. A 1-in. dia sprue with a height of 24 in. 
delivers 16.5 lb/sec and should fill a 320-lb casting in 26 
seconds, assuming a 1.3 delivery factor. A 3/4-in. sprue 
will fill the same casting in 43 seconds. Many large, 
high-grade castings have been produced using relatively 
small sprues. In most cases, where high (3 to 4 ft) sprues 
with large diameters (2 to 3 in.) are used, they do not fill 
completely until the mold is more than half full, and fill 
rates are not nearly as high as the calculated values 
based on designated sprue size.

Where higher flow rates (greater than 10 lb/sec) are 
required and relatively small-diameter sprues are used, 
such quantities of metal cannot consistently be delivered 
into the sprue opening without the use of a pouring 
basin. For Group I alloys, it is good practice to plug the 
sprue opening with a heated graphite or refractory stop­
per until the pouring basin is filled. This ensures rapid

Fig. 7-8. H orizontal f lo w  rate

Fig. 7-7. D elivery fa c to r  fo r  bottom -run castings which were 
o f  various heights.

and complete filling o f the sprue when the stopper is 
removed. Such a technique is even more essential with 
high sprues because o f the problems of increased metal 
velocity and turbulence. Similarly, tapered rectangular 
sprues are often used, as these can be readily made and 
modified and are less prone to  vortex formation than 
are circular sprues.

In smaller castings, if a pouring basin is not used, it is 
im portant to place the pouring ladle as close to the sprue 
as possible in order not to increase the sprue height ef­
fect. If  a pouring ladle is too full and cannot be tilted, or 
if the sprue is located too close to the center of the mold 
so that the pouring ladle must be raised in order to reach 
the sprue, the pouring rate will be increased significantly 
because of the additional pouring distance. This effect is 
minimized when a pouring basin is used; however, the 
distance between the lip of the ladle and the sprue open­
ing should still be minimized in order to attain the least 
possible turbulence.

a function  o f  casting weight.
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RUNNERS & GATES
For alloys in Group I and II, it is m andatory that all 
runners be placed in the drag, with as much of the 
casting as possible placed in the cope. In this manner, all 
runners will be filled completely before any metal enters 
the gates which are placed in the cope. The metal will 
then leave the gates with a minimum am ount of tu r­
bulence and begin to fill the casting cavity. This practice 
is also recommended for Group III alloys since it results 
in entrapment of slag or dross from the ladle and loose 
sand from the gating system, and also provides uniform 
filling of the mold. If necessary, however, more tradi­
tional runner and gate systems can be used to achieve 
good quality castings from Group III alloys since these 
alloys are less sensitive to the formation of dross and in­
soluble oxides, and merging streams of metal tend to 
flow together without the entrapment of oxide skins or 
dross particles.

Runners should be as rectangular as possible, and 
their total maximum cross-sectional area should be two 
to four times that o f the choke area (sprue exit area 
where no separate xhbke is used). The runner cross- 
section must be large enough to prevent premature chill­
ing of the metal during pouring. A rectangular runner, 
whose width is greater than its depth, works best. In 
general, runners should be dimensioned so that their 
width is about twice their depth, but an essentially 
square runner would be second choice. The least 
desirable runner would be one whose depth exceeds its 
width; however, space limitations sometimes necessitate 
this design in order to maintain the desired runner cross- 
section in relation to the choke area.

The concept of “ gating ra tios,”  commonly used in 
the design of gating systems, is expressed as the ratio of 
the total cross-sectional areas of the runners and gates 
to that of the choke (choke : runners : gates). If there is no 
separate choke system, the choke area is that of the bot­
tom opening of a downward-tapered sprue. The signifi­
cance of gating ratios is based on the fact that, for a 
constant volume flow rate of liquid, the velocity of the 
stream is inversely proportional to the cross-sectional 
area of the channel in which it is flowing. It is most 
desirable to have the metal enter the casting cavity at 
minimum velocity and, hence, with minimum turbu­
lence. In order to achieve this, the cross-sectional area 
of the gates must be at least equal to, and preferably 
greater than, that of the runners. The runners should be 
equal or greater in area than the choke. Such a system, 
in which the liquid metal moves at ever-decreasing 
velocity through successive channels of increasing cross- 
sectional area, is referred to as an “ unpressurized” 
gating system. Unpressurized gating is particularly 
recommended for Group I and Group II alloys, with 
gating ratios as high as 1:4:6 being common.

As an example of such a ratio, consider a gating 
system in which a Vs-in. dia sprue with a cross-sectional 
area of 0.6 in.2 is used. The total runner area (four times

that of the sprue) would be 2.4 in .2 and the total gate 
area would be 3.6 square inches. If the system employed 
a double-runner design with each runner having four in­
gates, then the area of each individual runner would be
1.2 in .2 and that of each gate would be ~  , or 0.45 
square inches. Thus, with the Vs-in. dia sprue we might 
use two runners—each 1 in. x 1.2 in., and eight 
gates—each 0.375 in. x 1.2 inches. As sprue size in­
creases, the respective areas of the runners and gates 
also increase in proportion to the selected gating ratio; 
therefore, for the best yield of castings (percent of 
poured mold weight), smaller sprue sizes are advan­
tageous.

The design of a runner and gating system should also 
assure that equal volumes o f metal will flow from each 
gate whenever more than one gate is used with a given 
runner. If a runner of constant cross-sectional area is 
used with multiple gates, the volume of metal which 
passes through each gate will be different, depending 
upon the gate’s location in the runner. The gate furthest 
from the sprue passes the greatest volume of metal, that 
closest to the sprue the least amount, and intermediate 
gates pass amounts proportional to their location. This 
inform ation is explained in detail in several of the 
references cited for this chapter and should be studied 
carefully. It is possible to achieve uniform metal 
delivery through each gate by varying the runner cross- 
section along its length in either of two ways (Fig. 7-9). 
One way is to reduce the runner cross-section by an 
amount equal to the area of each gate as it is passed, 
thus resulting in a “ stair-step” runner design as shown 
in Fig. 7-9a for a single casting and in Fig. 7-10 for 
multiple castings.

As an example, suppose we were dealing with a 1:4:4 
gating system consisting o f a single runner with four in­
gates, where the initial runner area (adjacent to the 
sprue base) is one square inch. Since total gate area 
equals the maximum runner area, each individual gate 
will have an area of 0.25 square inches. To achieve equal 
flow through each gate, the runner would be reduced 
from 1.00 in .2 to 0.75 in .2 after passing the first gate, 
from 0.75 to 0.50 in .2 after passing the second, and 
from 0.50 to 0.25 in .2 after passing the third. There is no 
need to reduce the runner area after it passes the last 
gate; therefore, if a stepped runner is used, there will be 
one less “ step” than there are gates. A second technique 
(Fig. 7-9b) is to simply taper the runner from one end to 
the other so as to reduce the cross-sectional area at the 
same rate as if a stepped runner were used.

The use of stepped or tapered runners to obtain 
uniform flow through gates assumes that the molds are 
horizontal and level. Because accidental or deliberate 
tilting of the mold or pouring conveyor dramatically af­
fects the way in which the metal flows within the mold, 
this technique should be restricted in its use in order to 
obtain progressive or sequential filling o f molds.
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Fig. 7-9. Stepped vs. tapered runner fo r  single cavity gating 
system.

1

Fig. 7-10. Recommended multiple cavity gating system with 
stepped runner.

A further refinement of runner design is the use of an 
overflow well at the~exffeme end of the runner, with or 
without a vent to allow the escape of displaced air. 
Studies with transparent molds (or X-ray cinematogra­
phy in the case of sand molds) show that metal flowing 
through a dead-end runner strikes the end wall with con­
siderable force, and the momentum causes a shock wave 
to travel back along the runner in the opposite direction. 
This wave may cause premature, interrupted flow 
through the gates, resulting in cold shuts and misruns. 
An overflow well, as shown in Fig. 7-11, serves to ab­
sorb the impact of the metal as it reaches the end of the 
runner and prevents the backward shock wave.

As illustrated in Figs. 7-9 through 7-12, the preferred 
location of gates is in the cope, overlapping the runner 
at the parting line. Rectangular, flat gates are more 
desirable than square gates, and a gate with its wide 
dimension in a vertical plane is least desirable. As noted 
previously, in order to avoid a pressurized gating 
system, it is necessary that the total gate area for each 
runner be at least equal to that of the runner itself. In 
cases where numerous small patterns are mounted on a 
single pattern plate, it may be necessary that the total 
gate area be many times that of the runner so that in­
dividual gates are sufficiently large to fill the mold 
cavities. This deviation from the usual ratios is accept­
able since the gating system still remains unpressurized.

Figure 7-9 (a) and (b) illustrate a good gating system, 
with streamlined and right-angle gates. Tests have 
shown that streamlined gates are only slightly superior 
to right-angle gates in reducing turbulence to a mini­
mum. Gates should deliver metal to the mold cavity at 
the lowest possible level in order to minimize the ten­
dency toward erosion and turbulence associated with a 
falling stream of metal. To ensure non-turbulent filling 
of the cavity nearest the sprue, and to avoid any dross 
being swept into the cavity, the first gate should be no

Fig. 7-11. Ring-gated suction head casting o f  88-8-0-4 alloy.

TRADITIONAL DRAG
PREFERRED

Fig. 7-12. Change in gating system that prevented misruns 
and roughness in yellow brass sand castings.

nearer than two inches from the base of the sprue. Dross 
is often trapped by adhering to the mold on the top sur­
face of the runner between the sprue and the first gate; 
therefore, increasing the length of this section is 
beneficial, especially for alloys in Group I.
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Although wide, flat gates are generally recom­
mended, if a riser or “ shrink bob” is placed on the gate, 
round or square-section gates help maintain an open 
feeding channel and serve as riser necks. Alternatively, a 
normal riser neck connection is used on the casting, and 
the calculated wide rectangular gate is cut into the back 
of the riser nearest the runner. The position of the gates 
determines the flow of hot metal into the casting cavity 
and also affects the sequence in which the casting 
freezes. In order to achieve the desired pattern of 
solidification, the positioning of risers and chills must 
always be considered when choosing the location of 
gates (refer to  Chapter 8).

The same basic principles apply in vertically parted 
molds as for horizontal gating systems, with only a few 
deviations necessary to minimize the added turbulence 
characteristic of vertical gating systems. For alloys in 
Group III, vertical gating of castings does not usually 
present any serious problems since conventional bottom  
gates or horn gates can be applied without undue metal 
damage. For these alloys, the metal can also be intro­
duced into the mold through gates at various locations 
along the parting line. For tall, hollow, cylindrical 
castings (such as liners or bearings) of Group III alloys, 
a ring o f pencil gates is commonly used at the top o f the 
mold (Fig. 7-13). This delivers the hottest metal to the 
top sections of the casting, thereby improving feeding. 
The flanged cylinder of tin bronze shown in Fig. 7-13 is 
poured through eight pencil gates in a ring runner box 
located at the top o f the mold. A ring core in the runner 
box seals the gates until the runner box is full. This ring 
core is then lifted and removed, allowing all the metal to 
flow simultaneously through the gates. Chills placed in 
the mold cavity assure that the casting wall section will 
be sufficiently sound to withstand a pressure leakage 
test of 1000 psi.

The foregoing conventional systems cannot be recom­
mended for alloys in Groups I or II where dross-free 
castings are required. For these materials, Fig. 7-14 il­
lustrates the basic, recommended design for vertical 
gating systems. A modification of this basic design is 
shown in Fig. 7-15, where an overflow well or trap is 
located just beyond the vertical gate. In both cases, the 
vertical riser is connected to the casting along its entire 
height by means o f a web gate. The initial turbulence of 
the falling metal has largely been spent by the time the 
metal begins to pass through the web gate, resulting in a 
relatively quiet flow into the mold cavity. The momen­
tum of the metal passing upward through the vertical 
gate and riser tends to carry the hot metal to the highest 
level in the riser before it then flows through the web 
gate into the casting. The thickness of the web gate is 
somewhat critical, and should be approximately Vs to Vi 
inch. Webs thinner than this give rise to cascading of the 
metal as it passes through the web, with consequent 
severe dross form ation. Thicker webs allow the metal to 
flow continuously into the mold cavity at the lowest 
point of entry, forcing cold metal from above back into

Fig. 7-13. Top pencil-gated flanged cylinder o f  88-8-0-4 
alloy.

Fig. 7-14. A schematic sketch o f  an tentative improved 
vertical gating system.

the riser. This results in erratic and unfavorable 
temperature distributions which hamper proper feeding 
of the casting. Sprue dimensions and taper, as well as 
the sprue base, should be selected in the same manner as 
for horizontal gating systems. The ratios o f chokerrun-
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Fig. 7-17. Vertical system  m ultiple cavity bo ttom  runner. 
Gating ratio 1:4:4, tapered sprue—  V2 in. choke

Fig. 7-15. Vertical system , single cavity. Web thickness —  ¥4  

in., gating ratio 1:4:4, tapered sprue, ¥ 2  in. choke.

Fig. 7-16. Vertical system  m ultiple cavity. Gating ratio 1:6 
(1:2 at each level), tapered sprue—  ¥ 2  in. choke.

ner:gate areas should also be similar to  those of 
horizontal systems, ranging typically from 1:2:2 to 
1:4:4. The vertical gate should enter at the bottom of the 
riser and should be provided with ample fillets at both 
ends, as shown in Fig. 7-15.

For the less sensitive, wide-freezing-range alloys of 
Group III which do not require extensive risering, ver­
tical gating may be applied to multi-cavity molds (Figs.
7-16 and 7-17). Where cavities are spaced at different 
levels in the mold (Fig. 7-16) it is especially im portant to 
use a tapered sprue which will fill rapidly, thereby 
achieving nearly simultaneous filling of all mold 
cavities. To assure simultaneous filling, the gates at the 
top must be proportionally larger in area than those 
which are lower, thus compensating for the differences 
in metal head pressure. In vertically gated molds where 
all cavities are located at the same level (Fig. 7-17), the 
same rules apply as for horizontal gating. Again, 
uniform rate o f flow through each gate is achieved 
either by tapering or stepping down the runner cross- 
section as previously described.

KNIFE-GATING AND KISS-GATING SYSTEMS
Special applications of gating systems can be used for 
certain castings; for example, knife-gating and kiss- 
gating are popularly used for certain size ranges of 
Group III alloy castings. These gating systems are not 
recommended for alloys in Groups I and II, however, 
because o f the dross-forming tendencies and high 
solidification shrinkage characteristics of these alloys. 
Even with Group III alloys, castings with heavier sec­
tion sizes may develop surface shrinkage (draws or sink 
marks) when thus gated, because of the inability of 
these gating systems to provide feed metal to the casting 
during solidification.



Advantages of these special gating systems are: 1) 
high casting yield, 2) ease of removal of castings from 
gates, and 3) reduced grinding requirements in the 
cleaning room. Perhaps the m ajor disadvantage is the 
fact that castings often become detached from the gates 
at shakeout, necessitating the use o f special screens, or 
manual retrieval from mechanized systems. Figure 7-18 
is a schematic representation of both kiss gating and 
knife gating.

In kiss gating, where the gate slightly overlaps (or 
“ kisses” ) the casting, the mold cavity must be entirely 
in either the cope or the drag. The runner itself, which is 
in the opposite half of the mold, also serves as the gate 
since it overlaps the edge o f each casting by some x/n  to 
V32 inch.

In knife gating, the castings are partially in the cope 
and partially in the drag. The runner which may be in 
either half of the mold, passes very close to the mold 
cavities and requires only a short gate connection to 
each cavity at the parting line. Gate thickness ranges 
from Vn to V32 inch. Figures 7-19 through 7-23 illustrate 
successful applications”of knife gating and kiss gating.

Most knife and kiss gating systems are necessarily 
pressurized. There is no upstream choke in the system, 
and the total cross-sectional area of the gates is less than 
that of either the runner or the sprue. Thus, the metal 
velocity will be at a maximum at the gates, causing the 
metal to be jetted into the mold cavity to  fill thin sec­
tions. It is absolutely essential to maintain continuous 
flow through each gate. Runners must be filled as quick­
ly as possible, unless molds are tilted to achieve pro­
gressive filling of cavities. If flow through a given gate is 
interrupted even momentarily, or if gates are too small, 
misruns are certain to occur. Misruns will also occur if 
gates in a multi-cavity mold are so large that metal can­
not be poured rapidly enough to assure that all cavities 
fill quickly, simultaneously, and uniformly. In both 
cases, misruns result from an interruption or slowing 
down of the flow of metal into the mold cavity after it 
has started to fill. This causes the gates to freeze off par­
tially or completely, so that adequate flow cannot 
resume once the metal supply has been re-established. 
These gating systems demand the utmost care and con­
sistency in pouring practice.

GENERAL COMMENTS
Some of the defects commonly attributed to incorrect 
gating and pouring are: cuts and washes; dirt, slag, and 
other inclusions; expansion defects; misruns and cold 
shuts; open grain structure; rough surface; surface and 
sub-surface shrinkage (see Chapter 15).

The layout of patterns on a plate should allow flex­
ibility, since certain changes may become necessary in 
order to minimize scrap rate. Frequently, as many pat­
terns as possible are placed on a matchplate, with little 
room left for adequate gâtes and runners and with little 
consideration for the im portance of directional

KNIFE

Fig. 7-19. Kiss gating system fo r  union nut castings.

solidification. Patterns, gates, risers and runners should 
occupy no more than 50 to 60% of the pattern plate 
since ample sand volume must be available to absorb 
and dissipate the heat of the molten metal. Gates should 
never be placed nearer than two inches from the sprue 
base.

For the high-shrinkage Group I alloys, it is important 
to employ hot risers, gated directly from the runner 
where possible. Conversely, for Group III alloy castings 
with both thick and thin sections, it is preferable to gate 
into one or more thin sections in order to minimize
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Fig. 7-20. Knife gating system fo r  valve body.

Fig. 7-21. Knife gating system—small valve body. 

Fig. 7-22. Knife gating system—faucet body.
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Fig. 7-23. Kiss gating system—bonnet nuts.

temperatures in the heavy sections. “ Dead” risers may 
be attached to the heavier sections as required in order 
to prevent sink marks or draws when these sections 
freeze (see Chapter 8). Gating into thin sections has the 
added advantage of permitting reduced pouring 
temperature without the danger of misruns and cold 
shuts.

Finally, regardless of how well a gating system is 
designed, castings o f acceptable quality will not be pro­
duced unless the ladle is maintained as close as possible 
to the pouring basin or sprue cup, and unless the sprue 
is filled quickly and kept full throughout pouring.
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Chapter 8 

SOLIDIFICATION, FEEDING, AND DESIGN

INTRODUCTION
The commercial copper-base alloys as a group are 
almost unique in the range of solidification character­
istics they exhibit. Knowledge of solidification behavior 
is especially im portant to foundrymen since this 
behavior controls the incidence of shrinkage porosity, 
the patterns which this shrinkage porosity takes, and the 
feeding techniques required. Because of the wide varia­
tions in the mode of freezing of the copper-base alloys, 
a particular casting which requires a certain risering and 
gating procedure when made in one alloy may require 
the use of a different procedure when made in another 
alloy. Therefore, the copper-base alloy foundryman is 
confronted frequently with the need to make radical 
changes in practice. A thorough understanding of the 
freezing characteristics of copper alloys and their im­
pact on risering and gating procedures is of importance 
to all engaged in the manufacture of castings using these 
alloys.

The purposes of this chapter are to provide foundry­
men with an understanding of the basic mechanism of 
solidification; to indicate the connection between 
solidification mechanism, shrinkage phenomena, and 
feeding practice; to consider the rates at which copper 
alloys freeze; and to discuss certain other phenomena 
taking place during freezing, such as grain refinement 
and segregation.

The risering of copper-base alloy castings is discussed 
in some detail in the second part of this chapter. 
Methods of determining riser size are given for the dif­
ferent alloy groups, and related topics such as the use of 
riser insulation and chills are considered. Certain fac­
tors in the design of copper-base alloy castings which 
are important in view of risering techniques are dis­
cussed in the third part of this chapter.

INFLUENCE OF SOLIDIFICATION 
CHARACTERISTICS ON SHRINKAGE POROSITY
Effect of Composition on Solidification
For practical purposes, it is convenient to divide the 
copper-base alloys into two groups to discuss solidifica­
tion. This classification will be somewhat rough, as 
these groupings represent extremes of behavior; some 
alloys will fall into an intermediate classification.

Group I—Alloys Freezing by Skin Formation 
(Short-Freezing-Range Alloys)
This group encompasses pure copper in its various 
forms and the “ high coppers”  such as cadmium-copper, 
chromium-copper, and betyllium-copper. Also included 
are the near-eutectic alloys such as many of the

aluminum bronzes, in addition to certain yellow 
brasses. When a molten alloy of Group I is poured into 
a sand mold there is first a delay period during which 
the mold extracts the superheat from the liquid metal. 
Solidification begins once the temperature of the metal 
adjacent to  the mold wall has fallen to the freezing 
point, or liquidus temperature in the case of alloys 
(slight undercooling sometimes will occur in practice). 
The onset of freezing is marked by the formation of 
numerous small crystallites against the mold walls. The 
crystallites which are most favorably oriented then 
begin to grow rapidly, both sideways and inward, link­
ing up with their neighbors to form a continuous skin or 
shell o f solidified metal, known as the solidification 
fro n t  (see Fig. 8-1). The front, which is actually the 
boundary between liquid and solid metal, then advances 
into the interior of the casting in a direction perpen­
dicular to the mold walls.1

This mode of freezing is shown in Fig. 8-2, which 
illustrates progressive stages in the freezing of a section 
of a plate casting. The conditions shown here are, 
strictly speaking, typical only for pure metals such as 
elemental copper, or for alloys of exactly eutectic com­
position—both of which freeze at a fixed temperature. 
The solidification of metals containing small amounts 
of alloying elements or impurities (oxidized copper, 
chromium-copper, etc.) is quite similar except that in­
stead of being smooth, the solidification front is 
somewhat roughened due to a tendency toward den­
dritic growth of the crystals. Freezing for these alloys is 
depicted in Fig. 8-3.

Fig. 8-1. The solidification front in copper o f  high purity.
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The characteristic feature o f all materials in Group I, 
therefore, is that they have a very short freezing range 
or none at all. The macrostructures of castings made 
from these alloys usually exhibit columnar crystals.

Alloys Freezing in a M ushy Manner 
(Wide-Freezing-Range Alloys)
Group II is comprised of alloys of long freezing range 
such as the tin bronzes, red brass, certain of the yellow 
brasses, nickel silver, and other alloys as listed in Table
8-1. The mechanism of freezing for this group of alloys 
is completely different from that of alloys in Group I. 
As before, freezing begins with the deposition of 
numerous crystallites on the mold walls. From this point 
on, however, all similarity to freezing characteristics of 
Group I alloys vanishes. Growth of the crystallites 
formed on the mold walls is almost immediately re­
tarded or even halted temporarily. The reason for this is 
that the crystallites initially frozen are considerably 
poorer in alloying elements than the liquid from which 
they froze.

When these crystallites are formed, atoms of the 
alloying elements are rejected into the surrounding li­
quid, thus greatly enriching this liquid in these elements. 
This substantially lowers the freezing point of this liquid 
so that crystal growth temporarily cannot continue.

Heat extraction by the mold continues and slightly 
lowers the temperature o f this liquid as well as of the li­
quid in the unaffected region beyond it, nearer to the in­
terior of the casting. This fall in temperature causes a

LOW F R E E Z I N G  P O I N T  L I Q U I D ,  EN R IC H E D  
IN S O L U T E  E L E M E N T ,  W HI CH R E T A R D S  
G R O W T H  O F  C R Y S T A L L I T E S

Fig. 8-2. Le ft: Stages in the freezing o f  copper o f  high 
purity.

Fig. 8-3. Center: Stages in the freezing o f  copper alloys o f  
low alloying content. Freezing by skin formation.

Fig. 8-4. R ight: Diagrammatic representation o f  restriction 
o f  crystal growth in the freezing o f  copper alloys o f  high 
alloy content.

second batch of crystallites to nucleate just outside the 
enriched area, as indicated in Fig. 8-4. In turn, growth 
of this second crop of crystallites is restricted and a third 
batch of crystallites quickly forms still further towards 
the interior o f the casting, just beyond the enriched 
region which now surrounds the second batch of 
crystallites.The process is repeated time and again until 
small crystallites have been nucleated throughout the 
entire casting in the manner indicated in Fig. 8-5. Freez­
ing then continues by the gradual enlargement of all the 
crystallites. This process takes place simultaneously 
throughout the entire casting. The crystallites closest to 
the mold wall grow slightly faster than do those near the 
center of the casting, but the differences are not 
especially marked. The process of freezing in these 
alloys is analogous to the setting of cement—the 
material at first being fluid, then becoming mushy, and 
finally becoming rigid. Bearing in mind the mode of 
freezing, it is easy to understand why the m acrostruc­
tures of these castings show equiaxial crystallization.

The freezing mechanisms described above represent 
two extremes. In practice, there is no sharp transition 
from the skin-forming mode of freezing to the mushy 
stage of freezing as the alloy content of copper is in­
creased; instead, continuous intermediate stages of 
freezing are observed as the alloy content increases. The 
precise mode of freezing is also affected by solidifica­
tion conditions, such as rate of freezing. Melts of the 
same composition will normally be in Groups 1 or II.
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Table 8-1. Classification o f  Copper Alloys by 
Solidification Type

Fig. 8-5. Le ft: Stages in the freezing o f  copper alloys o f  high 
alloy content.

Fig. 8-6. R ight: Stages in the freezing o f  a copper alloy in 
the intermediate manner.

However, under extreme cooling conditions, either co­
lumnar or equiaxial structures or both may be produced 
in the casting.

In the intermediate mode of freezing the first-formed 
dendrites struggle towards the interior of the casting, as 
illustrated in Fig. 8-6; however, because the liquid metal 
separating them becomes enriched in alloying elements, 
the dendrites are not able to link up until very late in the 
freezing process when the entire casting is almost solid. 
The spindly dendrites of the kind illustrated in Fig. 8-6 
will sometimes cçntinue to grow until they reach the 
center of the section; in this event, the macrostructure 
of the casting is wholly columnar. Frequently the growth 
of these dendrites peters out altogether at a certain 
stage, as indicated in Fig. 8-6, and the central region of 
the casting freezes in the mushy manner typical of alloys 
of Group II. The central zone of the casting then 
possesses an equiaxial macrostructure, whereas the 
outer regions have a columnar structure. Note that in 
these alloys a liquid pathway may extend through the 
solidified crystals to the mold wall itself, almost until 
the end o f freezing.

EFFECT OF SOLIDIFICATION ON 
SHRINKAGE POROSITY
The different freezing mechanisms that have been 
described are vitally important from the viewpoint of 
feeding a casting, since they govern the type and 
distribution of shrinkage porosity which tends to occur.

Group I Alloys
Alloys o f Group I are characterized by the formation of 
deep, symmetrical pipes. The way in which these pipes 
form is illustrated in Fig. 8-7. High-purity copper and 
other pure metals form smooth pipes of perfect shape.

Group 1. Alloys freezing by Group II. Alloys freezing in
skin formation. (Pure metals mushy manner. (Alloys of long
and alloys of short freezing freezing range)
range)
Deoxidized Copper Tin Bronze*
O.F.H.C. Copper Leaded Bronze*
Tough Pitch Copper Red Brass*
Chromium Copper Semi-red Brass*
Tellurium Copper Nickel Silver*
Cadmium Copper
Beryllium Copper*
Manganese Bronze*
Yellow Brass*
Aluminum Bronze
Silicon Bronze*
Manganese Aluminum

Bronze
Cupronickel

* Classification dependent on precise composition and conditions 
of freezing; longer-freezing-range alloys in the group tend toward 
mushy freezing.

Copper containing small amounts of alloying elements 
or impurities tends to form less regular pipes whose 
walls are somewhat roughened, corresponding to the 
“ hill-and-valley” appearance of the solidification front 
(compare Figs. 8-1 and 8-3).

In plate or bar sections, alloys of Group I, when not 
fed, give rise to centerline shrinkage of the type in­
dicated in Fig. 8-8. This kind of shrinkage arises 
because, toward the end of freezing, the tips o f the 
crystals approaching the centerline of the section from 
opposite directions make contact with one another (Fig.
8-3); thus, the residual liquid metal in the valleys is 
sealed off from any access to the reservoir of feed metal 
in the risers. Unfed “ heat centers”  in castings made of 
these alloys give rise to pronounced, smooth-walled 
cavities as shown in Fig. 8-8.

Group II Alloys
In the early freezing stages of Group II alloys, the metal 
consists of a liquid in which are suspended tiny, solid 
crystallites. At this stage in freezing, the metal is still 
quite fluid and the shrinkage which takes place as the 
crystallites grow is readily compensated by a fall in the 
level of the essentially liquid mass. Some fluidity is 
maintained, in fact, until the alloy is approximately 
70% solid. Toward the end of this period, the solid- 
liquid mixture is naturally becoming very sluggish, but 
shrinkage in volume can still be accounted for by 
settling-out of the solid material. This process has been 
termed mass feeding, and it accounts for roughly two- 
thirds o f the total solidification shrinkage of the alloy.2 
Thus, for an alloy whose total volumetric solidification 
shrinkage is 6%, we would expect some 4% to be due to 
mass feeding. This mechanism is illustrated in Fig. 8-9.
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Fig. 8-7. Formation o f  p ip e  in copper alloys freezing by  skin  
formation.

Fig. 8-8. Diagrammatic representation o f  shrinkage in 
castings made in copper alloys freezing by  skin form ation .
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Fig. 8-9. Mass feeding in copper alloys o f  long freezing- 
range.

The process of mass feeding is normally aided by at­
mospheric pressure which acts on the walls o f the 
casting, tending to oppose the formation of any cavities 
within the casting. For example, if a chunky casting is 
made in red brass without any feeders at all, it is found 
that the casting surprisingly contains only about 2-3% 
porosity. The reason for this is that atmospheric 
pressure has dished the walls o f the casting, thus com­
pacting the solidifying mass and aiding mass feeding. 
Attachment to  the casting of a tall, small-diameter riser

results in only a slight reduction in porosity, but much 
of the dishing of the walls is avoided.

When solidification is about 70% complete, the grow­
ing crystals have become so large and numerous that 
they interlock with each other and the casting begins to 
become rigid. At this stage, mass feeding necessarily 
stops; thereafter, the still growing dendrites compete 
with each other for the remaining liquid metal which is 
now isolated in numerous little pools scattered through­
out the alloy (see Fig. 8-9). It is not difficult to see how 
this mode of freezing gives rise to finely dispersed 
microporosity since, when each o f the isolated pools of 
liquid eventually freezes, it gives rise to a small pore as 
the result of its freezing shrinkage.

Figure 8-10 illustrates the kind o f shrinkage porosity 
generally found in alloys of this group. Throughout 
most o f the casting fine microporosity is observed, but 
at the heat centers and within the riser the porosity tends 
to be somewhat more coarse— although still dispersed. 
In castings of certain alloys (for example, grain-refined 
tin bronze), the microporosity tends to be arranged in 
definite layers. This type of porosity is extremely harm ­
ful both to mechanical properties and pressure tightness 
and is sometimes known as layer porosity.

The shrinkage porosity in castings of alloys of the in­
termediate freezing group is in some ways similar to that 
of the skin-forming alloys and to  that of alloys freezing 
in the mushy manner. For example, the tendency toward 
pipe formation is considerably greater than it is for 
alloys of Group II (where it is almost totally absent) but 
this tendency is less than for alloys of Group I. These 
alloys show a tendency toward the formation of dis­
persed porosity which is normally considerably coarser 
than that found in the mushy-freezing alloys of Group
II. At the same time, some tendency toward the form a­
tion of centerline shrinkage is observed, especially when 
columnar crystal growth penetrates to the mid-section 
of the casting.

When alloys with either wide or intermediate freezing 
ranges are sand-cast in relatively thin (under Vs in.) sec­
tions, or are chill-cast, they freeze quickly enough to 
form a dense skin or surface layer which is essentially 
free of porosity. The last metal to solidify at the center 
of the section, since it freezes more slowly, will often ex­
hibit dispersed shrinkage porosity. This explains why 
castings made with wide-freezing-range alloys, cast in 
thin sections, may be pressure-tight throughout (except 
for areas which have been machined, causing removal 
of the dense surface layers).

FREEZING RATES
The freezing rate of the skin-forming alloys o f Group I 
may be expressed in terms of the rate at which the solid 
shell formed at the mold wall thickens. If d  is the shell
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Fig. 8-10. Diagrammatic representation o f  shrinkage found  
in castings made in copper alloys o f  long freezing range.

thickness after a time, t, measured from the instant of 
pouring the casting, then:

d = q V I

where q  is the solidification constant of the alloy.

For most sand-cast copper-base alloys of short 
freezing-range, the solidification constant q  is approx­
imately 0.27 in ./m in1/2, according to reference 3.

For obvious reasons the freezing rate of alloys of 
Group II cannot be expressed in this way, although a 
similar equation involving the weight of metal frozen 
can be derived. With alloys of this group, however, the 
main interest is the total freezing time of the casting 
which is given approximately by Chvorinov’s Rule:

where V is the volume of the casting and A  is its surface 
area. For copper alloys, the quantity 1 /q2 is about 13.7, 
the units being inches and minutes.

CHILL CASTINGS
With some exceptions, copper alloys cast in chill molds 
exhibit much the same freezing characteristics as they 
display in sand molds. Freezing in chill molds is about 
four times faster than in sand molds and this higher rate 
of solidification results in somewhat narrowing the zone 
of partial freezing. Alloys freezing in the mushy m an­
ner, when sand-cast, tend toward the intermediate mode 
of freezing when cast in a chill mold; similarly, alloys 
freezing in the intermediate manner in sand molds show 
a more pronounced tendency toward skin formation 
when they freeze in a chilfmold. This is well exemplified 
in Fig. 8-11, which shows the movement of the start and

chill casting . sand casting

cu(99-8%)

/
/_ / /
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Fig. 8-11. Comparison o f freezing o f copper alloys in sand 
molds and in chill molds.

end of freezing waves in copper, yellow brass, and red 
brass. In these diagrams, the vertical distance between 
the start and end of freeze curves indicates the size of 
the zone of partial freezing at any particular time. The 
horizontal distance between these two curves indicates 
the time the concerned location was in a state of partial 
freezing.

Figure 8-11 shows that copper freezes by skin form a­
tion both in sand and in chill molds. Red brass, on the 
other hand, has a long period during which the entire 
casting is semi-solid. In chill casting, the higher rate of 
freezing certainly reduces the period during which the 
mushy state obtains, but this period is still very long, as 
Fig. 8-11 shows.

The yellow brass is exceptional in exhibiting quite a 
wide partial-freezing zone when sand-cast, whereas in 
chill castings the depth of the zone is markedly reduced 
and the mechanism of freezing approaches skin form a­
tion.

GRAIN REFINEMENT
The number of crystals nucleated in copper alloys of 
long freezing range governs the grain size. This number 
depends on the number of nuclei for crystallization 
present in the melt when it is poured or generated prior 
to the oQset of freezing. Consequently, a reduction in 
grain size can be secured by artificially increasing the 
number of these nuclei.

Grain refinement of copper alloys has never been 
utilized extensively, although methods for use with 
aluminum bronze, red brass, and gun metals have been 
developed. Red brass can be grain-refined by the addi­
tion to the molten alloy of 0.05% zirconium; the 
presence of about 1 % iron also produces some refine­
m ent.6
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Iron additions of this order also refine the cast grain 
size of the aluminum bronzes and of manganese bronze; 
iron is present in many of these alloys and the grain size 
of castings made in them is normally fairly fine. The 
iron-free aluminum bronzes and beta brasses may be 
refined by the addition o f 0.03% zirconium together 
with 0.02% boron, or by the addition of boron alone; 
many of the rare earth metals can also be added.7

In the case of the iron-free aluminum bronzes, the 
grain refining methods produce a useful improvement in 
strength. The effects of grain refinement on bronzes and 
gun metals are more complex.

The m ajority of bronze and red brass castings are not 
particularly well fed, and in these castings the effect of 
grain refinement may be disastrous.6 The reason for this 
is that grain refinement, for reasons which are not well 
understood, is liable to convert ordinary well-dispersed 
microporosity into layer porosity or concentrated, inter­
connected porosity; these characteristics are extremely 
deleterious both to mechanical properties and to 
pressure-tightness (Figs. 8-12 and 8-13). Therefore, 
grain refinement does not appear to  be generally useful 
for bronzes and red brass.

SEGREGATION
Although a detailed account o f segregation in sand-cast 
copper-alloy castings will not be given here due to space 
limitations, it is worth mentioning that the type of 
segregation observed is closely connected with the freez­
ing mode. Alloys of Group I which freeze in the skin-

Fig. 8-12. M icrostructure o f  coarse-grained red  brass casting.
Fig. 8-13. Microstructure o f  fine-grained red brass casting 
showing layer porosity.

forming manner usually show normal segregation. In 
sand castings, the extent o f this is seldom marked and is 
usually negligible. On the other hand, castings made in 
alloys freezing in the mushy manner often show inverse 
segregation caused largely by constitutional factors. The 
surface layers of the casting are often found to be con­
siderably enriched in alloying elements.

Gas evolution in the late stages of freezing may tend 
to force enriched liquid to the surface of the casting 
through the channels that are still open between the 
crystals, thus forming “ beads”  of enriched metal on the 
surface o f the casting. Tin sweat is a common example 
of this kind of segregation. Minor segregation 
(microsegregation) is common in copper alloys. Coring 
of tin bronzes is typical o f this kind of segregation.

DIRECTIONAL SOLIDIFICATION
The desire to produce quality castings is as old as the 
foundry industry, but the concept o f directional 
solidification was not appreciated until the early 1930’s. 
Directional solidification is defined as that process by 
which metal in the mold begins to solidify at points far­
thest from  the risers and continues to solidify pro­
gressively toward the riser, which is the last part to 
solidify. In this way, the shrinkage occurs in the riser 
and a sound casting is produced. Directional solidifica­
tion ensures that solidification from the side wall of the 
casting will not be so rapid as to create bridging across 
the section, preventing the flow of liquid metal from the 
riser to the farthest part of the casting.



Fig. 8-14. Features o f  progressive and directional 
solidification.

Solidification from the side wall is called lateral 
solidification, and solidification parallel to the mold 
walls is called longitudinal solidification. When the 
rates of the lateral and longitudinal solidification are 
adjusted to produce a sound casting, controlled direc­
tional solidification is achieved. Directional solidifica­
tion means, as depicted in Fig. 8-14, that the gradation 
of the rates of progressive freezing along the casting are 
such that positions o rrthe  centerline near the casting 
edges freeze before those points closer to the riser.

The discussion of directional solidification so far per­
tains to the freezing of pure metals, low-carbon steel, 
aluminum bronze, and other alloys which solidify in an 
essentially skin-forming manner. Unfortunately, most 
copper-base alloys have a mushy mode of freezing. As 
foundrymen know, sand-castings in these alloys in­
variably contain a certain amount of distributed porosi­
ty (microporosity) and the tendency toward this defect 
increases with the size of the casting. Castings of this 
type of alloy present a problem to foundrymen because 
they stubbornly resist the most determined efforts to 
make them sound by directional solidification methods. 
The average casting of this type may contain 1 to 2% 
porosity; it is very difficult to reduce the amount of 
porosity to  less than about 1% in all except small 
castings. Attempts to reduce porosity by increasing the 
size of the risers are often unsuccessful and may actually 
decrease the soundness o f the casting.

RISERING PROCEDURES FOR 
COPPER-BASE ALLOYS 

Group 1-Alloys with Narrow Freezing Ranges
The feeding technique for Group I alloys is similar to 
that used in the manufacture of steel castings. Gates and 
risers are disposed so that directional solidification is 
assured, with due consideration being given to the 
feeding range of the alloy in question. To avoid hot 
spots, local chills may be applied to bosses, ribs, etc.

The general principle in risering these alloys is to 
make use o f the retarding effect of the risers on 
solidification, and the accelerating effect of external 
corners and edges of the, casting, so as to obtain a 
Y-shaped solidification front with the broad end toward 
the riser (Fig. 8-14).

Thus, ready access of feed metal is ensured to the 
region of the casting where, at any instant, freezing is 
being completed (i.e., the apex of the “ V” ).

A single riser located, for example, on a bar or plate 
section will only feed for a limited distance along the 
section. This distance is known as the feeding range of 
the riser. Frequently, feeding-range lim itations 
necessitate the use of multiple risers, each feeding a sec­
tion of the casting, or the use of chills which act to in­
crease the effective feeding range.

Feeding Ranges of Group I Alloys
Since all parts of a casting must be within the feeding 
range of at least one of the risers, it is important to have 
quantitative inform ation regarding feeding ranges. The 
feeding range values for Group I copper-base alloys 
have not been well documented. In the absence of 
specific data for particular alloys, satisfactory results 
can often be attained by applying values which have 
been developed for carbon steels. The following approx­
imate values for feeding ranges have been quoted in the 
literature and should be used with caution:

Feeding Distance in 
Terms o f  Thickness

Alloy_________________ Shape__________(Tf

Manganese bronze Square bars 4 T to 10 
depending on 
thickness

Plates 5.5 T to 8 T, as 
above

Aluminum bronze Square bars 8 V Y

Nickel-Al bronze Square bars Less than 8 V T

Cupronickel Square bars 5.5 \ f T

Typical values for manganese bronze plates, sum­
marized in Figs. 8-15 and 8-16, indicate that feeding 
range increases more or less linearly with section size, 
having a value of about 6 T. This statement applies to  
sections which are terminated by a free end. It will be 
noted that about two-thirds of the feeding range is ac­
tually contributed by this end effect. Therefore, if end 
effects are absent, as in the case of a ring-shaped 
casting, the feeding ranges will be quite short and such 
castings may have to be fed by a number of risers whose 
spacing is such that the distance between them does not 
exceed about four times the section thickness. Con­
versely, the spacing between risers may be increased to 
about ten times the section thickness if chills are located 
midway between each riser (Fig. 8-17).

Riser Shape Considerations
From the viewpoints of thermal efficiency and ease of 
molding, a cylinder with a height-to-diameter (H /D ) 
ratio in the range of 1:0 to 1:5 is the most desirable 
shape. Cylindrical, blind side-risers with a hemispher-
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Fig. 8-15. Feeding distance in manganese bronze plates, (a) 
cast in green sand, (b) cast in sodium-silicate bonded sand.

ical top and bottom  may be used with smaller castings. 
Such risers are connected to the casting by a short neck 
and the gate is usually attached to the riser for best 
results. In castings which have multiple risers located at 
different vertical levels, the risers located near the top of 
the casting will feed the lower sections of the casting 
(and the risers associated with them) until such time as 
the interconnecting section freezes off. This places a 
significantly increased feed demand on the upper risers, 
possibly making them inadequate. In this situation, the 
size o f the upper riser must be increased so that it is 
capable o f meeting the increased feed metal demand. 
The volume increase required is usually about one-half

co
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Fig. 8-16. The end effect distances compared to the feeding 
distances in manganese bronze plates. The range o f  values 
observed fo r  the end effect distances is also shown.

the sum of the lower section plus associated riser and 
neck, multiplied by the total shrinkage of the alloy be­
tween the pouring tem perature and the solidus tempera­
ture. This effect can be minimized (but not eliminated) 
by chilling the interconnecting section. The easiest way 
to increase the riser volume is to increase its height.

Extremely high yields of 80% or more can be ob­
tained when insulated risers are used. For Group 1 
alloys, the volume of the riser may be only 15 to 25% 
that of the casting section fed.

Heat losses by radiation from the exposed top surface 
of the riser represent a considerable percentage of the 
total heat loss, amounting to 25% and 50% for non­
insulated and insulated risers, respectively. Therefore, 
regardless o f riser type, the top of the riser should 
always be covered with either exothermic or insulating 
material in order to prom ote maximum feeding effi­
ciency. It is recommended that the minimum depth of 
cover material used be one-tenth the diameter of the 
riser. It is most im portant to prevent premature 
freezing-over of the top of the riser in order to avoid 
isolation of the feed metal from contact with the sur­
rounding atmospheric pressure. Atmospheric pressure 
acts to  force-feed the liquid metal into the adjacent 
casting section as it shrinks.

Exothermic sleeves, which were once popular, have 
now been largely discontinued in favor o f insulating 
sleeves which are more economical to use and cause 
fewer problems. Substantial savings can, however, be 
achieved with the use of either type of sleeve, as will be 
briefly discussed.

Calculating Riser Dimensions
From time to  time, various methods have been ad­
vanced for the calculation of the optimum riser size to
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risers.1

be used to feed a particular casting or casting section. 
One of the more popular methods was developed at the 
U. S. Naval Research Laboratory,8 and empirical rela­
tionships were established between volume ratio and 
shape factor, where:

Volume ratio (Gastirrg volum e/R iser volume) Yc
vr

Shape factor = L +  W  
T

(.L, W  and T  being casting length, width, and thickness, 
respectively)

Much of the published work on risering of short- 
freezing-range copper-base alloys involved the applica­
tion of this so-called NRL m ethod,10' 12 and numerous 
examples of this technique can be found in the foundry 
literature.

In recent years, greater attention has been given to 
what has become known as the “ modulus method” for 
calculating riser size, including the development of per­
tinent data and computer programs. This method is 
now, and will no doubt continue to be, the most widely 
used technique in the industry.

Modulus risering methods have been most extensively 
developed in connection with the production of steel 
castings, but they have also been applied to riser design 
for short-freezing-range copper alloys. A brief descrip­
tion of this method is given below. (For greater detail 
the reader is referred to the bibliography appended to 
this chapter.)

Chvorinov’s Rule4 states that the freezing time, t, of a 
cast shape is given by the relationship:

t = k x  I - ( 0

In this expression, V  and A  are the volume and sur­
face area, respectively, of the cast shape, and k  is a con­
stant of proportionality whose value is dependent on the 
thermal properties of the metal and the mold.

For convenience, the term (V/A) in Chvorinov’s

equation is generally replaced with the symbol, M , a 
value referred to as the “ modulus” of the shape. The 
term “ modulus” is merely a shorter way of saying, 
“ volume divided by surface area.”  Equation 1, above, 
can be rewritten more simply to read:

t = k x M 2 (2)

Since Chvorinov’s equation can be applied to any cast 
shape, it applies equally to what is intended to be the 
casting itself and to the attached riser. When dealing 
with connected shapes, such as a riser and a casting, the 
surface area of each shape to be considered includes 
only those portions which contribute to the loss of heat 
during freezing.

Two equations are required to describe the freezing 
times of the casting and the riser, respectively, and the 
subscripts c and r will be used to distinguish one from 
the other for all terms of the equation:

Casting: tc= k x  M2 (3)
Riser: t, = k x  Mr2 (4)

In a practical sense, we are not so much concerned 
with the actual time required for solidification to take 
place as we are about the relative solidification times for 
riser and casting. Obviously, to be effective the riser 
must solidify after the casting has done so. M athe­
matically, this means that tr must be greater than tc by
some amount. Another way of saying the same thing is 
to state that:

A  = F 2 
t > 1 (5)

This means that the ratio of the solidification times of 
riser and casting is some number whose value, when 
squared, is a number greater than one. This can be writ­
ten as:

k x Mr2 
k x M 2

F 2, or M2 = F2 x M 2 (6)

Further simplified, this becomes:

Mr = F x  Mc (7)

This means that the modulus for the riser, M r, must 
be greater than the modulus for the casting by some fac­
tor, F. Experience has shown that the proper value o f F  
depends on the metal being cast. A value of 1.2 is com­
monly used for steel and ductile iron, whereas a slightly 
larger value of about 1.3 is preferred for the short- 
freezing-range copper-base alloys.

As a practical working equation, therefore, we may 
say that with these alloys the modulus of the riser should 
be about 1.3 times that of the casting (or casting section) 
to be fed; that is:

Mr = 1.3 Me (8)
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Note that this is only one factor to be considered in 
designing a suitable riser, however. Equation 8 merely 
gives us an empirical way of proportioning a riser so 
that it will freeze more slowly than the casting. The 
other basic requirement of any riser is that it must have 
sufficient volume to provide the necessary amount of 
feed metal to the casting or casting section to which it is 
attached.

To further clarify this point, let us consider two dif­
ferent geometric shapes of casting, each having the same 
modulus value (Mc):

1) Consider first a cube, having dimensions of 5 in. 
per side—

Vc = length x  width x  thickness = 125 in .3

^  = 6 times the area of one side = 150 in .2 

Therefore, Mc = 125/150 = 0.833 in.

2) Next consider a 10 in. x  10 in. square plate, 2Vi 
in. thick—

Vc = length, x  width x  thickness = 250 in .3

Ac = area of top and bottom + area of 4 edges 
= 300 in .2

In this case also, Mc = 250/300 = 0.833 in.

It can be seen that the second casting has twice the 
volume of the first, and can therefore be expected to re­
quire considerably more feed metal from the riser. Such 
differences depend on shape factors. These can be deter­
mined experimentally where necessary; however, it is 
much easier (though less precise) to utilize data of the 
type shown in Table 8-2. The numbers listed in the table 
indicate the minimum values for the ratio between riser 
volume and casting volume (as percentages) to assure 
that the riser can, indeed, supply the necessary amount 
of feed metal to the casting. Five general classes of 
castings are shown, ranging from “ very chunky” to 
“ rangy.” Notice that risers having a height-to-diameter 
(H /D ) ratio o f 1:1 are more efficient than when H /D  is 
2:1. More importantly, it can be seen that insulated 
risers are far more efficient than those formed directly 
in the sand mold.

A sample calculation follows for a simple casting 
shape, showing how the modulus method can be used 
for designing a riser:

Example
A manganese bronze casting in the shape of a square 
bar, 2 in. x 2 in. and 9 in. in length is to be cast in a 
sand mold, preferably using a cylindrical open riser con­
nected to the end of the bar. Can such risering be used 
and, if so, what is the optimum riser height and 
diameter?

Step 1
Evaluate the riser location,in terms of the feeding range 
o f the alloy. Earlier in this chapter it is noted that the 
feeding distance for manganese bronze bars varies from

Table 8-2. M inim um Volume Requirem ents o f  Risers

Minimum Vr/Vc (%)

Type of Casting Insulated Risers Sand Risers
H/D = 1:1 H/D = 2:1 H/D = 1:1 H/D = 2:1

1. Very Chunky. 
Cubes, etc. 
Dimensions in ratio 
1:1.33:2*

32 40 140 198

2. Chunky.
Dimensions in ratio 
1:2:4*

26 32 106 140

3. Average.
Dimensions in ratio 
1:3:9*

19 22 58 75

4. Fairly Rangy. 
Dimensions in ratio 
1 :10 :10 *

13 15 30 38

5. Rangy.
Dimensions in ratio 
1:15:30 or larger 
ratio*

8 9 12 14

* Ratio of thickness:width:!ength

4 T  upward, depending on the value of T. Since we are 
dealing here with a value o f 2 in. for thickness (T  = 2 
in.), we can probably safely assume that a single end 
riser will feed the entire 9 in. length of the bar. If we 
wish to assure ourselves of this, we can add an external 
chill against the free end of the bar to give a higher ther­
mal gradient during solidification.

Step 2
Calculate the volume ( Vc), effective area (A c) and 
modulus (M c) of the casting.

Vc = 2 in. x  2 in. x  9 in. = 36 in .3

The effective casting area (the area from which heat is 
extracted during freezing) will be the sum of the areas of 
the four lateral sides plus that of the free end. N ote that 
the area in contact with the riser is not included.

Therefore: A  ̂ = 4 (2 in. x  9 in.) + (2 in. x 2 in.)

Ac = 76 in .2

Mc = Vc/A c = 36/76 

Mc = 0.474 in.

Step 3
Multiply Mc by 1.3 (the F  factor for manganese bronze) 
to obtain Mr:

Mr = 1.3 Mc = 1.3 x  0.474 

M = 0.616 in.

Step 4
Consider an open (top insulated with a cover) end riser 
having a height-to-diam eter (H /D ) ra tio  o f 1:1. 
Calculate the values of H  and D  for such a riser, having 
a modulus value (M r) of 0.616 in.
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Vr = H x 7iD2/4; since H = D, Vr = tiD3/4

Ar = H x 7tD + ttD2/4 , or A r = nD (D  +■ D/4)

nD3/4
M r =  ---------------------

r ttD(D + D/4)

Mr = D/5

Therefore D /5 = 0.616 in., and D = 3.08 in., H = 
3.08 in. Note that, for ease in calculation, we did not 
deduct the neck area connecting the riser to the casting 
when calculating effective riser area. This introduces a 
small error, tending to make the riser a bit larger than 
necessary. Note also that our effective riser area in­
cludes that of the cylindrical sidewall and bottom , but 
not that o f  the riser top, which is insulated.

Step 5
Assuming a riser having a diameter and height o f 3 in., 
calculate its volume and determine whether it is large 
enough to provide feed metal to the 2 in. x  2 in. x 9 in. 
bar.

Vr = nD 74 = 0.785 x 27

Vr = 21.2 in .3

The ratio of the riser volume (Vr) to the casting 
volume (Vc) is:

Vr/V c = 21.2/36 = 0.59

Thus, the riser volume, as calculated, is 59% of the 
casting volume. Referring to Table 8-2, we note that the 
bar casting in question may be considered as “ average” 
in its configuration classification. Thus, for a riser cast 
in a sand mold and' having an H /D  ratio of 1:1 we see 
that its volume should be at least 58% of that of the 
casting. Our calculated riser should therefore be ade­
quate. Had it not been, we would have increased its 
volume by extending its height.

The foregoing example is, of course, quite simple and 
is intended merely to illustrate the principles involved 
and the sequence of calculations. For cast sections too 
long or too wide to be fed with a single riser, multiple 
risers must be used with or without the use of interme­
diate chills and insulating sleeves. This gives rise to the 
concepts of infinite bars and plates as well as feeding  
paths, and brings into play the use o f other factors 
which compensate for differences in the rate of heat 
transfer. Good riser design also involves consideration 
of the geometry of the neck which attaches it to the 
casting. These subjects are treated in further detail in 
several references cited. A growing number of computer 
programs have been written to simplify such calcula­
tions.

GROUP II—WIDE-FREEZING-RANGE ALLOYS
The “ work-horse”  alloys of the copper-base group are 
the leaded red brasses and tin bronzes, virtually all of

which have wide freezing ranges. These alloys comprise 
the greatest percentage of annual casting production, 
and find extensive application in parts used for plumb­
ing ware, valves and fittings, meters and pumps, all of 
which require corrosion resistance in combination with 
pressure tightness and moderate strength. The relative 
ease or difficulty in attaining adequate soundness in 
such parts is strongly dependent on section thickness 
and uniformity, even more so than for Group I alloys.

The principles o f risering for Group II alloys can be 
better understood by first recalling their solidification 
and shrinkage characteristics. It has already been men­
tioned that the wide-freezing-range alloys normally 
solidify in a manner analogous to the setting of con­
crete, whereby the entire mass, upon cooling below the 
liquidus temperature, first thickens and then becomes 
“ mushy” due to the formation of an ever-increasing 
amount o f crystals o f solid metal throughout the liquid 
(Fig. 8-5). This is the characteristic behavior of such 
alloys whenever they are allowed to solidify at a rela­
tively slow rate.

As previously discussed, a process known as mass 
feeding  occurs during the earlier stages of solidification, 
aided by both gravity and atmospheric pressure. This 
process is a natural phenomenon which occurs autom a­
tically, and compensates for about two-thirds of the 
solidification shrinkage exhibited by the alloy. The re­
maining shrinkage (amounting to about 1 or 2% of the 
total volume) takes place during the final stages of 
solidification. At this time, the structure is about 70% 
solidified and has become somewhat rigid. As freezing 
continues, the solid crystals grow laterally, eventually 
trapping isolated pools of liquid metal between them. 
When these pools freeze, they leave behind voids whose 
size and shape depend on the relative coarseness o f the 
surrounding dendrites. Since the last pockets of metal to 
freeze are isolated, feeding from adjacent regions is vir­
tually impossible. Consequently, under such conditions 
of slow freezing, the alloys of Group II can be con­
sidered as having practically no feeding range, as do 
those of Group I.

Experience has shown that success in achieving inter­
nal soundness with Group II alloys depends upon 
avoiding slow cooling rates. The foundryman has three 
possible means for doing this, within the limitations of 
casting design and available molding processes:

1) Minimize casting section thickness.

2) Reduce and /o r evenly distribute the heat in the 
metal entering the mold cavity.

3) Use chills and mold materials of high chilling 
power.

The sections that follow describe practical methods 
(and their limitations) for producing castings of accept­
able soundness and integrity. As with any parameter of 
quality, it must be kept in mind that soundness is a
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relative condition which must be defined and evaluated 
in terms of the service requirements to be met by the 
casting. For example, castings made of Group II alloys 
are seldom, if ever, required to meet Class I or Class II 
ASTM radiographic standards of soundness with regard 
to internal shrinkage porosity. In general, soundness is 
judged by pressure tightness of the casting, in combina­
tion with freedom from visible porosity on as-cast or 
machined surfaces, and compliance with minimum 
mechanical property requirements.

THIN CASTINGS
Parts having a uniform section thickness of about 3/s in. 
or less, even in ordinary sand molds, tend to  freeze 
quickly enough to develop a rather dense, fine-grained 
layer, or “ skin” of metal at surfaces in contact with the 
sand. They benefit from the combined effects of mass 
feeding and atmospheric pressure in undergoing a 
uniform compaction of volume and shape during the 
early stages of freezing; the residual 1 or 2°7o internal 
microshrinkage is so uniformly and finely distributed as 
to  be invisible to~th& naked eye. This results in parts 
which are pressure tight and visibly sound without any 
deliberate attempt at feeding. The use of simple ingates, 
or even “ kiss gating”  (see Chapter 7), so long as this 
does not create hot spots, is sufficient to yield sound, 
commercial-quality castings. When hot spots do occur 
in such parts they are often at or near the point of 
gating, at fillets, or at junctions of casting walls. These 
are potential areas of coarse “ macroshrinkage” and 
leakage (Defect B 311, Chapter 15). Such conditions can 
sometimes be improved by reducing pouring tempera­
ture or by gating directly into thin, rather than heavier, 
sections of the casting. Multiple gates can sometimes be 
used advantageously to reduce heat concentrations in 
the casting.

MODERATE AND HEAVY-SECTION CASTINGS
As casting section thickness increases beyond about Vi 
in., or as isolated hot spots become more prevalent 
because of increasing complexity o f design, it becomes 
more and more difficult to attain castings of acceptable 
quality. M acroshrinkage can become a serious problem, 
both in terms of loss of pressure-tightness as well as visi­
ble porosity on machined surfaces. There is often an in­
clination to correct such a condition in accessible areas 
such as flanges or hubs by attaching a riser to the casting 
to provide feed metal. However, conventional risering 
procedures, as they apply to narrow-freezing-range 
alloys cast in green sand, simply do not work. N ot only 
does the riser not eliminate the macroshrinkage, it may 
even exaggerate the condition. This is because the mass 
of the riser further reduces the freezing rate o f the heavy 
section and the anticipated feeding cannot take place 
because the “ mushy” mode of freezing prevents direc­
tional solidification (Fig. 8-10).

Risering of moderate and heavy-section castings, with 
proper design and application, can be beneficial,

however. A m ajor use of risers for such castings is for 
eliminating a class of defects known as sinks, or sink 
marks (Defect D 141, Chapter 15). These defects consist 
o f localized depressions on the casting surface, varying 
in severity from shallow areas to rather deep pockets 
which extend into the casting interior. Sinks occur at hot 
spots which freeze more slowly than adjacent areas. The 
forces of atmospheric pressure against the surface of the 
casting act uniformly during freezing. So long as the 
casting surfaces, in turn, offer uniform resistance to 
compression, the compaction of the casting volume will 
be evenly distributed and not noticeable. Where the 
mushy stage of freezing is prolonged, however, such 
areas remain vulnerable to external pressure, which can 
cause their collapse. Ironically, the metal displaced by 
the formation of the sink often compensates for the 
solidification shrinkage in that area, with the result that 
the adjacent internal structure is quite sound.

The risering technique used to avoid sinks is based not 
upon the principle of directional solidification, but 
upon that of uniform solidification. As the term im­
plies, the purpose is to minimize the formation of any 
hot spots and to cause the casting to solidify at the same 
rate throughout. This is essentially what occurs with 
small, thin-walled castings of uniform section. With 
heavier castings, while total uniformity may not be 
achieved, it can be promoted. For example, isolated 
heavy sections such as bosses and rib junctions can be 
caused to cool more rapidly by the use of metal chills or 
molding aggregates such as zircon or chromite. Also, by 
gating into thinner sections, the heavy regions will be 
allowed to fill last, with cooler metal. Dead risers— 
those appended to the last sections to fill—can be used 
to provide metallostatic pressure to the casting and to 
form an open channel to the interior of the casting so 
that atmospheric pressure can act from the interior as 
well as from the exterior of the casting. Since it is still 
important that these risers remain molten longer than 
the casting itself, it is advantageous to provide them 
with insulating or exothermic sleeves and top covers. 
(The benefits of these can be seen in Fig. 8-18.)

The design of risers for control of sink defects is not 
an exact science. As a general rule, the risers should be 
as small in diameter and as tall as is practical. This 
means a diameter not much greater than 1 Vi times the 
thickness of the section to which it is attached, and a 
height at least three times the diameter. Actual dimen­
sions may have to be modified, depending upon par­
ticular conditions and results attained.

For certain classes of medium- to heavy-section 
castings, the elimination of sink marks by risering, in 
conjunction with localized placement of chills to 
minimize internal macroshrinkage, is often adequate in 
producing an acceptable, commercial grade of casting. 
Where pressure tightness and freedom from visible 
shrinkage porosity is required in heavy-section castings, 
problems become much more severe. Flinn, Trojan et
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1
Normal open feeder Norm al feeder + 

rad iation  shield

In su la ted  fee d e r Insu la ted  feeder + 
ra d ia tio n  sh ie ld

T im e {m inutes) fo r  to ta l solidification o f  4 x 4  inch cylindrical feeders
1 2 3 4

Steel 5 0 13 4 7 5 43 0
Copper 8 2 14 0 15 1 45 0
A lum in ium 12 3 14 3 31 1 45 6

Fig. 8-18. Effect o f  various heat insulating techniques on the 
efficiency o f  feeders fo r  aluminum, copper, and steel 
castings.

a l.“ have summarized the results of an extensive 
research program, conducted under the sponsorship of 
the American Foundrymen’s Society, directed toward 
the attainment of soundness in heavy castings of wide- 
freezing-range alloys.

Except for high-leaded tin bronzes, virtually all alloys 
of this family were found to exhibit varying degrees of 
leakage under pressure when allowed to solidify at rates 
comparable to those in sand molds. Regardless of riser 
size, heavy-section bars and plates cast of 85-5-5-5 alloy 
could not be fed effectively without extensive use of 
massive chills to produce directional solidification. Ex­
cept for very short bars, end chills alone were inade­
quate in developing directional solidification. Thermal 
studies confirmed that temperature gradients of at least 
60F (33C) per inch were necessary, during freezing, for 
the alloy to develop a solidification front which would 
allow feeding to occur from the riser. This necessitated 
the use of wedge chills placed against the faces of the 
casting along its length, as shown in Figure 8-19. Chill­
ing in this manner, while effective, has obvious limita­
tions in complex casting shapes except over short 
distances. Where these techniques can be applied, the 
design of risers can be handled as described for the 
Group I alloys. It cannot be stated with any certainty, 
however, that the freezing range is much greater than 3 
T  to 4 T, and may be even less. Insulating riser sleeves 
and covers can be used here to great advantage to assure 
pressurization and feeding, however short-range.

CASTING DESIGN FOR COPPER-BASE ALLOYS
In a book of this scope it is possible to deal only briefly 
with the subject of casting design. Unfortunately, this 
topic often receives too little attention, and the casting 
designer, not being familiar with foundry processes or 
the behavior of alloys during solidification, is concerned

Fig. 8-19. Arrangement o f  wedge chills on gun-metal bar 
castings. This m ethod o f  chilling avoids warpage.

almost exclusively with the mechanical engineering re­
quirements of the part in service. For this reason, the 
designer often develops casting configurations which 
are difficult, if not impossible, to produce with sound 
sections throughout. Additionally, due to vague casting 
strength and soundness requirements, the part may be 
over-designed with sections thicker or more massive 
than necessary. This can cause an otherwise potentially 
sound casting to be unsound.

Many poor casting designs are due to a lack of com­
munication between the foundryman and the casting 
designer. The need for consultation at an early stage in 
design cannot be overemphasized. The foundryman is 
all too frequently presented with a drawing of a design 
that is unsatisfactory from a casting standpoint. At this 
late stage only minor modifications, if any, can be made 
to improve castability and enhance quality.

A few general rules for the design of copper-base 
alloy castings are as follows:15

1) Avoid abrupt changes in section thickness. When 
such changes are necessary, the thicker section 
should always be blended or tapered gradually into 
the thinner section.

2) Generous radii should always be provided at inter­
nal corner fillets and edges. Large radii at these 
locations facilitate feeding at intersections and 
help prevent the formation o f hot spots during 
freezing.

3) As far as possible, avoid L, T, and X intersections. It 
is much better to radius inside and outside edges 
rather than to form a sharp-cornered L (Fig. 8-20). 
T sections cannot be avoided, but their adverse ef­
fects can be minimized by providing generous radii 
at corners and, where possible, by making the arms 
of unequal thickness (Fig. 8-21). X intersections 
have particularly adverse effects and it is nearly 
always possible to avoid them. They can, for exam­
ple, often be converted to two offset T sections. 
“ Dimpling”  can also be used to reduce the severity 
of hot spots at T intersections (Fig. 8-22).
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Fig. 8-20. L  section redesigned to eliminate h o t spots.

Fig. 8-21. R ecom m ended fille t radii and blending practice  
f o r  walls intersecting a t 90 degrees.

4) With a knowledge o f the solidification behavior of 
the alloy, the designer should consider the likely 
feeding paths, riser placement, and gate locations 
in order to avoid isolated heat centers insofar as 
possible. Consultation with a foundry engineer 
may be required to accomplish this.

5) For reasons given earlier, every effort should be 
made to minimize the section thicknesses of Group 
II alloy castings. Especially with these alloys, 
thicker does not necessarily mean stronger.

y  v_

■\ r

Fig. 8-22. Casting X  section redesigned to  avo id  shrinkage 
defects.

Ideally, the design o f a casting should develop 
follows:

as

1) The designer, after first determining the required 
surface configurations and stresses to which the 
casting will be subjected, should then sketch out a 
preliminary design.

2) The rough design should then be discussed with a 
foundry consultant, who should provide advice 
and inform ation regarding ease and cost o f 
m anufacture, optimum choice of alloy, predicted 
properties in various sections of the casting (with 
allowance for possible unsoundness) and optimum 
casting shape from the foundry viewpoint.

3) The designer should then prepare a detailed draw­
ing, incorporating as many of the foregoing 
recommendations as seem practical.

4) Final review of the design should be made with the 
foundry consultant for purposes of verification.

5) The final drawing should then be prepared, in­
cluding dimensional tolerances o f the casting, 
machining allowances, draft requirements, and 
other inform ation necessary for patternmaking 
and foundry production.

Although such a procedure might seem to delay the 
design process, the potential for cost savings and quality 
enhancement certainly justify these suggested steps.
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Chapter 9

COPPER-TIN-LEAD-ZINC ALLOYS— 
LEADED AND UNLEADED RED BRASSES 
AND TIN BRONZES

INTRODUCTION
The copper-tin-lead-zinc alloys date back hundreds of 
years and, today, comprise the most im portant and most 
widely used compositions of all the copper-base casting 
alloys. Most of the individual alloys included here have, 
in the past, been designated by various commercial or 
colloquial names. These have now been largely super- 
ceded by the United Numbering System (UNS) designa­
tions listed in Chapter 1. These designations will, 
therefore, be used throughout this chapter for reference 
purposes, together with a parenthetical indication of the 
nominal alloy composition. Composition will always be 
given in the sequence: copper, tin, lead, zinc.

For the benefit of those familiar with the generally ac­
cepted alloy family names used in the past, this chapter 
will deal with selected members of the following 
families:

Leaded red brasses 
Leaded semi-red brasses 
Tin bronzes 
Leaded tin bronzes 
High-leaded tin bronzes

These families are interrelated in that each contains at 
least two, and usually three of the alloying elements tin, 
lead, and zinc in varying proportions. The relationships 
between the alloy families and their compositions can be 
seen in Table 9-1. Here, alloy C83600 (85-5-5-5) is con­
sidered as the hub of a “ wheel,” since it contains equal 
amounts of each of the alloying elements. Historically, 
in fact, this alloy was once known as “ ounce metal”  due 
to the fact that it could be produced by alloying one 
ounce of each alloying element in combination with one 
pound of copper.

The favorable combination of casting properties, 
machinability, and general utility of alloy C83600 have 
contributed to its popularity and usage for centuries. 
Over the years, however, both for economic and 
technical reasons the development of a wide array of 
other alloys based on the copper-tin-lead-zinc system 
has been found useful.

Since copper and, especially, tin have traditionally 
been the most expensive elements in this group of alloys, 
it was inevitable that attempts would be made to 
develop compositions having greater proportions of

zinc and lead yet still possessing the necessary castability 
and mechanical properties required for specific applica­
tions.

As shown in Table 9-1 (lower left), increasing zinc 
levels yielded alloys which came to be known as leaded 
“ semi-red”  brasses, typified by the alloys presently 
designated as C84400 (81-3-7-9) and C84800 (76-2!/2-U/2 
-15). Note that alloy C838QO (83-4-6-7) as well as C83600 
(85-5-5-5) have been designated in the past as leaded 
“ red”  brasses. Beyond about the 15% zinc level, the 
alloys fall in the family known as “ yellow” brasses, 
which are included in the group covered in Chapter 10.

A second family of alloys (Table 9-1, lower right) 
which evolved because of certain engineering property 
requirements utilizes the excellent strengthening effects 
and load-bearing properties conferred by increased tin 
content in combination with the lubricity and bearing 
qualities imparted by high levels of lead. These 
materials comprise the family known as high-leaded tin 
bronzes, used extensively for bushings and bearings and 
typified by alloys C93200 (83-7-7-3), C93700 
(80-10-10-0), C93800 (78-7-15-0) and  C94100 
(71-6-22-0).

The third family of alloys included in this group 
utilizes the beneficial effects of increased tin contents in 
combination with substantially reduced levels of lead. 
These comprise the leaded and unleaded tin bronzes, 
listed in the upper portion of Table 9-1, and include such 
alloys as C92200 (88-6-1 Vi-4Vi), C92300 (87-8-1-4), 
C90300 (88-8-0-4), C92600 (87-10-1-2) and C90500 
( 88- 10- 0- 2) .

METALLURGY
As a group, the copper-tin-lead-zinc alloys exhibit very 
wide freezing ranges (Table 9-2), varying from about 
150° to 300 °F. Consequently, all solidify in a mushy, 
dendritic manner (as described in Chapter 8) with the at­
tendant effects of pronounced segregation, undercool­
ing, and non-equilibrium which result from lack of ade­
quate diffusion. These alloys do not lend themselves to 
heat treatment or processes such as inoculation which 
are intended to enhance properties by structural 
modification or grain refinement. Hence, these alloys 
are always used in the as-cast condition, and their 
microstructures depend essentially on alloy content (and 
purity) and rate of solidification. A familiarity with
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C90500 (88-10-0-2) 
C92600 (87-10-1-2)
C90300 (88-8-0-4) 
C92300 (87-8-1-4) 
C92200 (88-6-1 Zi-4Vi)

Increasing
Tin

Increasing
Zinc

1
C83600 (85-5-5)

/
j ......^

\

C83800 (83-4-6-7) C93200 (83-7-7-3)
C84400 (81-3-7-9) C93700 (80-10-10-0)
C84800 (76-2/2-1'/z-15) C93800 (78-7-15-0)

C94100 (71-6-22-0)

Increasing
Lead

Table 9-1. Families o f  the Copper-Tin-Lead-Zinc Alloy Group.

typical microstructural features of the various alloys, 
together with an understanding of possible abnor­
malities that can occur, can assist the metallurgist in 
evaluating and controlling alloy quality.

Technically, the alloys o f this group are either ternary 
or quaternary. As will be noted shortly, however, lead is 
nearly or entirely insoluble in the solid alloys and thus 
has little or no effect on alloy phase relationships within 
the copper-tin-zinc system. From a practical point of 
view we can therefore consider the alloys o f this group 
as binary or ternary, with or without lead being present 
as an insoluble additive.

Even though the cast microstructures of these alloys 
represent non-equilibrium conditions, they can best be 
interpreted and understood by consideration of phase- 
equilibrium diagrams.

Likewise, the ternary copper-tin-zinc system is easier 
to understand if first the solubility limits and general 
phase relationships are considered in the binary Cu-Zn 
and Cu-Sn systems. Consideration will also be given

here to the Cu-Pb system to illustrate the unique 
behavior of lead as an alloying element.

Copper-Zinc
Figure 9-1 illustrates the relatively wide range of 
solubility of zinc in copper in the solid state, whereby 
compositions containing up to  32.5% zinc solidify as 
single-phase “ alpha” (a) solid solutions. This is to be 
expected for all the alloys in this group (which contain a 
maximum of 15% zinc). At higher zinc levels, we begin 
to encounter a second, intermediate solid solution ((3). 
(This “ beta”  phase will be discussed in more detail in 
Chapter 10 under yellow brasses.)

Zinc is a relatively inexpensive, yet potent, alloying 
element in copper, imparting strength and hardness by 
the mechanism of solid-solution strengthening. Note 
that in amounts up to 15%, zinc produces only a slight 
lowering of liquidus tem perature and the binary alloys 
have very narrow freezing ranges. Zinc has a high 
vapor-pressure in the molten alloys, and is readily lost

Table 9-2. Solidification Ranges and Recommended Pouring Ranges fo r  Copper-Tin-Lead-Zinc Alloys.

Pouring Range
Alloy Freezing Range1 Classification2

Celsius Fahrenheit
C83600 1010-854 1850-1570 A
C83800 1004-843 1840-1550 A
C84400 1004-843 1840-1550 A
C84800 954-832 1750-1530 B
C92200 988-825 1810-1518 A
C90300 1000-854 1832-1570 A
C92300 999-854 1830-1570 A
C90500 999-854 1830-1570 A
C92600 982-843 1800-1550 A
C93200 977-854 1790-1570 A
C93700 930-762 1705-1403 B
C93800 943-854 1730-1570 B

1Data from CDA Standards Handbook, Part 7 (1974) 
2See Table 9-3.
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Table 9-3. Pouring Range Guide fo r  Castings

Heavy Section Thin Section
Celsius Fahrenheit Celsius Fahrenheit

Class A 1050-1180 1925-2150 1150-1260 2100-2300

Class B 1010-1120 1850-2050 1070-1150 1950-2100

by evaporation and oxidation. This explains the need to 
replenish zinc lost in melting, and accounts for the 
presence of zinc oxide in the foundry atmosphere.

Copper-Tin
Tin is also a potent solid-solution strengthener in cop­
per, even more so than is zinc, since less tin is required 
for an equivalent increase in strength. Unlike zinc, tin 
also improves corrosion resistance. As may be seen in 
Fig. 9-2, tin produces a rather drastic effect, both on the 
melting temperature (liquidus) and freezing range of 
Cu-Sn alloys when added in amounts o f up to 10% (the 
limiting amount for alloys in the present group). Within 
this range of composition, the phase-equilibrium 
diagram indicates that alloys should solidify as single­
phase, alpha, solid solutions—which are analogous to 
those that form the Cu-Zn system described above. 
However, because of the very wide freezing ranges of 
the Cu-Sn alloys, together with pronounced undercool­
ing and slow diffusion, considerable segregation occurs 
during freezing. This causes high composition gradients 
to exist within the alpha crystals, their central portions 
being rich in copper, surrounded by zones increasingly 
rich in tin. This phenomenon, known as coring, com­
monly occurs in the as-cast structure.

Another im portant consequence of this non­
equilibrium freezing is the fact that the last liquid pres­
ent during solidification contains much higher tin than 
in the nominal composition of the alloy. Thus, the final 
solidification may actually follow the peritectic reaction 
shown in Fig. 9-2. This results in the eventual formation 
of a hard, brittle “ delta”  (d) phase, occurring as bluish 
lakes of alpha-delta eutectoid at the alloy grain 
boundaries.

Authorities agree that, for practical purposes, the line 
on the Cu-Sn diagram showing the limiting tin solubility 
in the alpha phase can be drawn vertically downward at 
the maximum value of 15.8%, from 520C (968F) to 
room temperature. Also, the “ epsilon” (e) phase shown 
to form at 350C (662F) is rarely encountered due to the 
sluggishness of the transform ation. Hence, the alpha- 
plus-delta field may be considered as extending to room 
temperature.

Copper-Lead
It may be seen from Fig. 9-3 that lead, although con­
tinuously soluble in molten copper, is virtually insoluble 
in the solid state (its solubility being less than 0.005% in 
solid copper). At the copper-rich end of the diagram, 
alloy solidification begins with the crystallization of

°C Atomic Percentage Zinc °F

Fig. 9-1. Copper-zinc phase equilibrium diagram.

°C Atomic Percentage Tin °F

Fig. 9-2. Copper-tin phase equilibrium diagram.

essentially pure copper as the temperature falls below 
the liquidus. As freezing continues through the liquidus- 
solidus range, further growth of the copper crystals 
occurs while the remaining liquid increases in lead con­
tent, reaching a value of 41% at the monotectic 
temperature of 953C (1747F).
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°C Atom ic Percentage L ead  °F

Fig. 9-3. Copper-lead phase equilibrium diagram.

WEIGHT PERCENTAGE ZINC

Fig. 9-4. The 500C (932F) isothermal section o f  the Cu-Sn- 
Zn ternary equilibrium diagram.

At the monotectic temperature, precipitation of addi­
tional copper from the melt occurs isotherm ally until 
the liquid eventually attains a composition of 92.6% 
lead. Next, an extended cooling period follows with lit­
tle change occurring until, at 326C (619F), the residual 
liquid solidifies as essentially pure lead.

It is of interest to note the effects of the mode of 
solidification on the shape and distribution of the lead 
phase in the alloys. As can be seen from the phase- 
equilibrium diagram, alloys low in lead content (e.g., 1 
to 7% Pb) have relatively wide freezing ranges and 
therefore solidify in a mushy, dendritic manner. By the 
time the monotectic temperature is reached, solidifica­
tion is about 85% complete and the residual lead is en­
trapped between the dendrite arms, where it eventually

solidifies. A comparable situation exists with the wide 
freezing-range copper-tin-zinc alloys of lower lead con­
tent. This behavior is advantageous, since the lead par­
ticles tend to be isolated in the same locations where 
microshrinkage voids occur in such alloys (see Chapter 
8). This explains the effectiveness of lead in promoting 
pressure-tightness in these alloys. Lead also disrupts the 
continuity o f the alloy matrix structure and, thus, small 
amounts of lead when well distributed can serve both as 
a lubricant and as “ chip breakers”  in enhancing 
machinability.

At higher lead contents, with alloys o f somewhat nar­
rower freezing range, rather marked gravity segregation 
can occur, especially under slow cooling conditions.

Copper-Tin-Zinc System
Authorities agree that, for practical purposes, the 500C 
(932F) isothermal section of the ternary copper-tin-zinc 
phase equilibrium diagram (Fig. 9-4) represents the ef­
fective phase  re la tio n sh ip s  existing at room  
temperature. The phases present, within the range of 
compositions o f commercial interest, can be understood 
in terms o f what has already been discussed in connec­
tion with the various binary copper alloy phase 
diagrams.

The principal phase occurring in all the commercial 
alloys is that designated as “ alpha” (a) in Fig. 9-4. This 
field represents a continuous series of solid solutions 
analogous to  the alpha phases shown in the binary Cu- 
Zn and Cu-Sn diagrams. When both alloying elements 
are present simultaneously, each reduces the other’s 
solubility to some extent, and the solid curved line 
which bounds the alpha region in Fig. 9-4 shows the ef­
fective solubility limits. The wide freezing-ranges of the 
ternary alloys (Table 9-2) result in as-cast structures 
wherein the alpha matrix shows pronounced coring, as 
shown in Fig. 9-5.

The second phase which occurs consistently in all the 
leaded alloys is, of course, the lead itself. The quantity 
and distribution of the lead depends upon the amount 
present in the alloy, the freezing range of the alloy, and 
its actual rate of solidification. Chill castings, for a 
given lead content, tend to exhibit finer grain size and, 
consequently, finer distribution of the lead particles 
than do sand castings. The lead inclusions are o f a dark 
gray color and their shapes tend to conform to the den­
dritic grain boundaries o f the matrix, as shown in the 
photomicrograph of an unetched structure (Fig. 9-6). 
Since the lead phase is virtually insoluble in the solid 
condition, there is no need to consider the constitution 
of these alloys in terms o f a quaternary Cu-Sn-Pb-Zn 
equilibrium diagram. Instead, we can actually ignore 
the lead content and recalculate the percentage composi­
tion of the alloy in terms of the copper/ tin/zinc ratio. 
For example, alloy C83600 (85-5-5-5) would be expected 
to solidify as would its unleaded equivalent— 89Vi Cu, 
5% Sn, 5 Vi Zn.
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. Referring again to the ternary diagram of Fig. 9-4, 
note that the alpha field is bounded by a two-phased 
region of compositions consisting of alpha plus gamma 
(y). The gamma phase in the ternary diagram, like the 
alpha phase, also consists of a continuous series of solid 
solutions of tin and zinc in copper. Metallurgically, this 
phase is said to be isomorphous with the gamma phase 
of the Cu-Zn system and the delta phase of the Cu-Sn 
system. When, due to non-equilibrium freezing condi­
tions, the gamma phase appears in the solidified struc­
tures of the ternary alloys it has the identical appearance 
of the delta phase which constitutes the alpha-delta 
eutectoid in Cu-Sn alloys. For this reason, it is com­
monly referred to as the “ delta”  phase. In appearance, 
this phase forms a part of an alpha-delta eutectoid 
which occurs as bluish inclusions, often elongated, 
found at the grain boundaries of the matrix (see Fig.
9-6).

The alpha-delta euctectoid occurs most often in the 
tin bronzes (8 to 10% Sn), and is more prevalent under 
conditions o f fast freezing. It is frequently detected in 
leaded red brass compositions, but less often in the 
semi-red brasses. Excessive amounts o f alpha-delta 
eutectoid are considered undesirable as they reduce the 
elongation of the alloy. The occurrence of this phase in 
commercial alloys is regulated by restriction o f the sum 
of the tin and zinc contents.

MICROSTRUCTURAL VARIATIONS
Since all the alloys of this group exhibit microstructures 
consisting of a strongly cored alpha matrix, with or 
without intergranular inclusions of lead or alpha-delta 
eutectoid, it is often, difficult to distinguish one com­
position from another on the basis of microstructure 
alone. The greatest value of metallographic examination 
is for purposes of comparison, and for determining 
whether known alloys exhibit abnormal amounts or 
distributions of the expected phases or foreign inclu­
sions. Microscopic examination is likewise useful as a 
means of diagnosing causes of unsoundness or lack of 
pressure-tightness, as described in Chapter 16.

The dendritic freezing behavior of this group of alloys 
renders them susceptible to microshrinkage porosity, 
which usually ranges from about 1 to 3% by volume. 
Larger degrees of microshrinkage, if well-distributed, 
can be tolerated without adverse effects on mechanical 
properties or pressure-tightness. When the voids 
resulting from microshrinkage tend to concentrate, they 
often become sufficiently interconnected so as to extend 
through the wall o f a pressure vessel and allow leakage 
to occur at isolated locations. These two types of 
microshrinkage are illustrated in Figs. 9-7 and 9-8. In 
these photomicrographs the voids appear as black areas 
which are located interdendritically, or at grain bound­
aries. As a word of caution, care must be taken when 
dealing with leaded alloys so as not to mistake
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Fig. 9-5. “Coring” in a sand-cast leaded red brass. Ferric 
chloride etch, x50.3

a  A  . **

Fig. 9-6. Distribution o f  lead and alpha-delta eutectoid 
phases in sand-cast leaded red brass, x250.3
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Fig. 9-7. Evenly distributed microshrinkage in C90500 alloy 
sample having an average density o f  8.6 g/cc, xlOO.
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Fig. 9-8. Localized, interconnected microshrinkage in 
C90500 alloy sample having an average density o f  8.75 g/cc. 
Despite its higher average density, this sample is much less 
pressure-tight than that shown in Fig. 9-7. (x50)

microshrinkage voids for those caused by the removal 
of lead particles during polishing of the specimen.

FOUNDRY CHARACTERISTICS
Throughout various chapters of this book, the unique 
characteristics of the copper-tin-lead-zinc alloys have 
been discussed in detail as regards melt control, gating, 
solidification, risering, and control of casting sound­
ness. These topics will be highlighted and summarized 
here, with referrals to appropriate chapters for more 
detailed information.

Melt Control
The susceptibility of the copper-tin-lead-zinc alloys to 
contamination by gas absorption (hydrogen alone, or in 
combination with oxygen) is a primary cause of casting 
unsoundness and rejection. Low-gas melts are achieved 
most consistently by the use of induction melting fur­
naces. When fuel-fired furnaces are used, close at­
mosphere control (slightly oxidizing conditions) must be 
maintained, followed by proper deoxidation. Evalua­
tion of the level o f dissolved gases is best made by the 
reduced pressure test described in Chapter 5. Alter­
natively, one can use the fracture test comparison 
discussed in Chapter 16, although this is a much less 
sensitive method.

The proper degree of deoxidation with phosphorus- 
copper must be established empirically by each foundry, 
according to its melting practice and product mix. 
Residual phosphorus levels must be monitored to pre­

vent wide variations, and should normally be targeted 
and held in the range o f about 0.015 to 0.030% (for the 
reasons explained in Chapters 5 and 16).

In melting, scrap returns should be watched carefully 
to avoid contamination with undesired elements. Ex­
cessive amounts of iron in the melt (from shot blasting, 
skimming tools, wire, etc.) will cause hard inclusions 
damaging to cutting tools. Small amounts of either 
silicon or aluminum (about 0.010% of either) are 
known to cause serious problems of casting leakage. It 
is not clear whether these elements do their damage by 
forming entrapped oxide films in the melt or by permit­
ting the absorption of hydrogen. Excessive superheating 
and prolonged holding in the melting furnace should be 
avoided since both lead to excessive zinc loss and gas ab­
sorption.

Gating and Risering
Small castings of uniform section thickness (about XA 
inch or less) can be kiss-gated successfully, using the 
techniques described in Chapter 7. For larger parts, the 
unpressurized gating system involving drag runners and 
cope gates is advised. Where maximum soundness is re­
quired for these wide-freezing-range alloys, massive 
chilling is essential, as discussed in Chapter 8. Feeding 
from risers is extremely limited and directional 
solidification can be achieved only by conditions which 
produce thermal gradients of 60F/in. or more in the 
mold.

For commercial grade castings in which 1 to 3% of 
well-distributed microshrinkage is acceptable, the role 
o f risers is to avoid “ sink m arks” at casting hot spots, 
caused by collapse of the casting under atmospheric 
pressure. The technique of approaching uniform 
solidification in such castings by the proper design and 
placement of gates and insulated risers is also detailed in 
Chapter 8. An im portant factor in attaining uniform 
solidification is the practice of pouring at the lowest 
practical temperature, even if this means reducing the 
number of molds poured per ladle. Guidelines for the 
selection of pouring temperatures for these alloys are 
given in Table 9-2.

Pouring practices for these alloys, both manual and 
automatic, are described in Chapter 6.

GENERAL APPLICATIONS
Castings of the various families included in the copper- 
tin-lead-zinc alloy group constitute more than three- 
fourths of the annual production of cast copper-base 
alloys.

Alloy C83600, the constitutional “ hub” of the entire 
group, is used for valves, pipe fittings, water pump and 
meter housings and impellers, small gears, high-quality 
plumbing goods, statuary and plaques. These applica­
tions are possible due to the corrosion resistance, 
machinability, strength, bearing properties, color and 
excellent castability of the alloy.
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Leaded Red and Semi-Red Brasses
Alloy C83800 (83-4-6-7) finds application where 
somewhat lower mechanical strength is acceptable 
(lower pressure-rating valves, fittings and pump com­
ponents).

Alloys C84400 (81-3-7-9) and C84800 (76-2I/2-6IA-15) 
are the “ workhorse”  alloys comprising the m ajor ton­
nage of commercial plumbing fixtures, cocks, faucets 
and certain low-pressure valves.

High-Leaded Tin Bronzes
A lloy C93200 (83-7-7-3) is the general-utility alloy of 
this family and finds use in general bearing and bushing 
applications. It is the alloy most widely used for 
bushings made by continuous casting.

Alloy C93700 (80-10-10-0) because of its higher tin 
and lead contents, is suitable for bearings involving high 
speed and heavy pressures, as well as pump and impeller 
parts requiring corrosion resistance and strength.

A lloy C93800 (78-7-15-0) is likewise used for larger 
bearings, but for less demanding service involving only 
moderate pressures. The material is also commonly used 
for pump parts in acid mine waters.

Tin Bronzes (Unleaded and Leaded)
A lloy C92200 (88-6-1 A A A )  is commonly used for 
high-quality valves, fittings and other pressure vessel 
applications operating at temperatures up to 550F 
(290C).

The remaining four alloys of this family have ex­
cellent resistance to both wear and corrosion and are 
usually specified for use as special bearings, pump 
parts, gears and steam fittings. Of these, alloys C92300 
(87-8-1-4) and C90300 (88-8-0-4) differ only in lead con­
tent, the former having better machinability. The same 
difference in analysis distinguishes alloys C92600 
(87-10-1-2) and C90500 (88-10-0-2), the leaded material 
being the easier to machine.
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Chapter 10 

LEADED AND HIGH-STRENGTH 
YELLOW BRASSES

INTRODUCTION
All of the leaded and high-strength yellow brass alloys 
contain zinc as the principal alloying element. These 
alloys comprise two families: the lower-strength, leaded 
yellow brasses; and the high-strength yellow brasses.

The family of leaded yellow brasses has been defined 
by the American Society for Testing and Materials as 
“ ...copper-base alloys which contain over 17% zinc, 
less than 6% tin, under 2% total of aluminum, nickel, 
iron or silicon, and more than 0.05% lead.”  These 
alloys are used primarily because of their relatively low 
cost, their good corrosion resistance, and when a 
distinct yellow color is desired. They are readily cast in 
metal, gypsum, and ceramic molds as well as in green or 
dry sand. Their excellent machinability, buffing and 
polishing characteristics, and low cost make them an at­
tractive choice for a wide array of general hardware and 
plumbing castings. The most popular members of this 
family are alloys C85200, C85400 and C85700, whose 
nominal compositions and typical properties are listed 
in Table 10-1.

Table 10-1. Nominal Composition and Properties o f  Leaded 
Yellow Brasses*

Nominal Composition
C85200 C85400 C85700

Copper 72 67 63
Tin 1 1 1
Lead 3 3 1
Zinc 24 29 35

Mechanical Properties (Typical)

Tensile str., ksi. 38 34 50
Yield str., ksi 13 12 18
% Elongation 35 35 40

Freezing Range
Celsius (941-927) (940-927) (940-913)
Fahrenheit (1725-1700) (1725-1700) (1725-1675)

* Copper Development Association. Standards Handbook. 
Part 7 (1974).

The second family in this group, often called 
manganese bronzes, have much higher tensile strengths 
and are, in fact, the strongest of all the copper-base 
alloys in the as-cast condition. The term “ manganese 
bronze’’ is inaccurate and* somewhat confusing, since 
some alloys in this category actually contain very little

manganese. For this reason, these alloys are more prop­
erly called high-strength yellow brasses. These alloys 
find application where relatively high strength is re­
quired in combination with good corrosion resistance 
and moderate cost. In this chapter, we will be concerned 
with four representative alloys of this family.

As shown in Table 10-2, alloys C86200 and C86300 
contain significant amounts of aluminum, iron, and 
manganese as alloying elements. Consequently, they are 
considerably stronger than alloys C86400 or C86500 
which are lower in the above elements but higher in zinc 
content.

Table 10-2. Nominal Composition and Properties o f  
High-Strength Yellow Brasses*

Nominal Composition
C86200 C86300 C86400 C86500

Copper 65 62 58 58
Aluminum 4 6 1 1
Iron 3 3 1 1
Manganese 3 3 0.5 0.5
Lead — — 1 —

Zinc 25 26 38.5 39.5

Minimum Mechanical Properties

Tensile str. 90 ksi 110  ksi 60 ksi 65 ksi
Yield str. 45 ksi 60 ksi 20 ksi 25 ksi
Elongation 18% 12% 15% 20%

Freezing Range

Fahrenheit 1725-1650 1693-1625 1616-1583 1616-1583
Celsius 941-899 923-885 880-862 880-862

* Copper Development Association. Standards Handbook. 
Part 7 (1974).

The actual chemical composition limits for these four 
alloys, as listed in the relevant specifications, are rather 
wide. Minimum mechanical properties, however, can be 
achieved only within restricted composition ranges.

METALLURGY 
Leaded Yellow Brasses

Figure 9-1 in the previous chapter shows that zinc is 
soluble in copper up to 32.5% at the solidus 
temperature and that alloys within this composition 
range solidify as single-phase, alpha (a) solid solutions. 
The alpha phase is relatively soft and ductile, deriving
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%Zinc Nominal Tensile Strength, ksi

0 32
15 40
20 44
30 47
35 48
40 54

Table 10-3. Tensile Strengths o f  A nnealed
Cu-Zn Binary A lloys

its hardness from the effect o f solid-solution strengthen­
ing, in proportion to its zinc content. The leaded yellow 
brass compositions listed in Table 10-1 consist essential­
ly of single-phase (a) structures with the insoluble lead 
dispersed as intergranular inclusions. In view of the 
relatively narrow freezing ranges o f these alloys, there is 
a minimum tendency toward microsegregation during 
solidification, and, hence, little evidence o f “ coring”  in 
the microstructure,

High-Strength Yellow Brasses
As the zinc content o f Cu-Zn alloys is increased 
significantly beyond 32.5% (as for alloys C86400 and 
C86500), the microstructures of the alloys begin to show 
increasing amounts o f a second, “ beta”  (fi) phase. The 
beta phase has significantly greater hardness and 
strength (and lower ductility) than does the alpha phase, 
and hence it has a marked strengthening effect on the 
alloys. The beta phase or, more precisely, the “ beta- 
prime” (Pl) phase, first appears in the alloy microstruc­
ture at room temperature at a zinc content of about

Fig. 10-1. As-cast (sand) migrostructure o f  alloy C86500 (58% 
Cu, 0.5% Sn, 39.5% Zn, 1% Fe, 1% Al). Light, acicular 
alpha phase in beta matrix. (lOOx)

39%. At 40% zinc, as shown in Table 10-3, the presence 
of this phase is manifested by a sudden increase in alloy 
strength.

Other alloying elements, such as aluminum, have an 
even stronger tendency to promote the formation of the 
beta phase when added to Cu-Zn alloys. For example, 
an addition of 1 % aluminum has the same effect as an 
addition of 6% zinc. Thus, aluminum is said to have a 
zinc equivalent of six. In the case of alloys C86400 and 
C86500 (which differ basically only in the absence or 
presence of lead), we can therefore expect the 
microstructure to reflect the alpha-beta proportion to be 
found in a binary 55% Cu-45%  Zn alloy. This may be 
seen in the microstructure shown in Fig. 10-1. Note here 
that the alpha phase, which appears as an acicular struc­
ture, has formed by precipitation from a single, beta 
phase which appears as the matrix structure at room 
temperature. Lead, when present, occurs as insoluble 
particles within the matrix structure. Alloys C86400 and 
C86500, having two-phase structures, may be con­
sidered as moderate-strength alloys.

In spite of their relatively low zinc contents, alloys 
C86200 and C86300 show microstructures which con­
tain little or no alpha phase. This is because of the high 
zinc-equivalence of the 4 to 6% additions of aluminum, 
resulting in an effective zinc content of 50 to 55%. 
Typical microstructures of alloys C86200 and C86300 
are shown in Figs. 10-2 and 10-3, respectively. The high 
beta content of these structures accounts for their 
unusually high mechanical strength. The small, black 
inclusions seen in the microstructure are particles of a 
complex, iron-rich intermetallic. Iron is essentially in­
soluble in these alloys and is added primarily for grain
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Fig. 10-2. As-cast (sand) microstructure o f  alloy C86200, 
showing matrix structure o f  beta phase with relatively small, 
acicular particles o f  alpha phase at grain boundaries and 
within grains. (200x)

152



Fig. 10-3. As-cast (sand) microstructure o f  alloy C86300 (63% 
Cu, 25% Zn, 3% Fe, 6% Al, 3% Mn). Constituents are the 
same as in Fig. 10-2 except that very little alpha phase is 
present. Black specks are iron-rich particles o f  intermetallic 
phase (see Fig. 10-4). (lOOx)
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Fig. 10-4. Unetched microstructure o f  alloy C83600 showing 
rounded and rosette-shaped inclusions o f  iron-rich 
intermetallic phase precipitated along grain boundaries and 
within grains. (400x)

refinement. This is particularly im portant for castings 
containing both thin and thick sections. In the absence 
of iron additions, heavy sections which cool slowly tend 
to develop coarse grain size with consequent reduction 
in mechanical strength.

Normally, these iron-rich inclusions are small and 
well-distributed, forming round to rosette-shaped par­
ticles as shown in Fig. 10-4 at (400x magnification). 
Under certain conditions, including when excessive 
amounts of iron are present, these particles may form as 
large inclusions or “ hard spots” which adversely affect 
machinability and cosmetic appearance o f alloys.

The role of manganese in the high-strength yellow 
brasses remains obscure. Although it has a low zinc 
equivalent (0.5), it will slightly increase strength without 
reducing ductility. Manganese is also thought to have 
some benefit as a mild deoxidizer and in improving 
foundry characteristics of the alloys.

The mechanical properties of the high-strength yellow 
brasses are strongly influenced by the proportion of 
beta phase in the microstructure; this, in turn, is 
markedly affected by the percentage of zinc and other 
alloying elements present in the alloy. For this reason, 
despite the latitude in composition limits permitted by 
specifications, actual composition must be controlled 
within relatively narrow limits and carefully balanced to 
achieve reproducible, desired properties. For critical ap­
plications it is not uncommon to specify microstructural 
requirements as well as composition and mechanical 
properties, for purposes of corrosion resistance. In the 
case of the “ all-beta”  alloys (C86200 and C86300), 
severe composition imbalance may actually result in the 
formation of small amounts of “ gamma” (y) phase at 
the grain boundaries, resulting in severe brittleness of 
the castings.

It should be noted that the “ all-beta”  alloys generally 
have good hot-toughness (unless contaminated by lead). 
However, these materials have a reputation for being 
“ hot short”  at about 400C (752F) and require care in 
shake-out.

Cooling rate in the mold also has a marked effect on 
the identity, size, and shape o f microstructural constitu­
ents. Thus, there will be differences in both microstruc­
ture and properties o f thick and thin casting sections, 
and between chill-cast and sand-cast parts. The beta- 
alpha transform ation cannot be suppressed, even with 
rapid chilling. For this reason, property enhancement 
by heat treatment is not possible, although stress relief 
annealing at 600F (316C) is sometimes performed, 
especially after welding.

EFFECTS OF IMPURITIES 

Leaded Yellow Brasses
Iron, within the limits permitted by specifications, acts 
as a grain refiner in the leaded yellow brasses and in­
creases strength and hardness to some degree. Nickel 
likewise refines the grain size. Aluminum is sometimes 
added in small amounts to control flaring and to  pro­
duce smooth casting surfaces. No more than 0.2% 
aluminum should be used for this purpose, and 
aluminum should be avoided entirely for castings which 
must be pressure-tight. To attain better fluidity in 
casting thin sections, sometimes up to 0.1 % phosphorus 
(as 15% phosphorus-copper) is added to the melt. This 
practice is not recommended. It is especially im portant 
to avoid the addition of phosphorus in combination 
with aluminum.



High-Strength Yellow Brasses
In order to assure that proper ratios of the alpha and 
beta phases are maintained in the microstructures of 
these alloys, particular attention must be paid to the 
dangers of contamination from other alloys during 
melting. This pertains to any metallics intentionally 
charged to the furnace as well as residual metal adhering 
to furnace linings or to the interiors of crucibles or 
pouring ladles.

Lead and tin are two common elements which may in­
advertently be introduced into heats o f high-strength 
yellow brasses. In the case of alloys C86500 and 
C86400, Table 10-2 indicates that the presence o f as little 
as 1 % lead (added for machinability purposes) is suffi­
cient to reduce the tensile and yield strengths by 5000 psi 
and elongation by 5%. Similar effects may occur by the 
unintentional lead contamination o f alloys C86200 and 
C86300. In the latter two alloys, when tin is maintained 
at a level below 0.20% it is possible to attain the 
minimum mechanical properties. For alloys C86400 and 
C86500, the permissible limits for tin content are 
somewhat higher, being 1.5 and 1.0% respectively. Tin, 
in fact, is sometimes added to these alloys in order to 
reduce their tendency toward dezincification corrosion 
in marine environments.

When present, nickel acts in a manner similar to cop­
per and thus promotes the stability of the alpha phase in 
the microstructure. It thus has a zinc equivalent o f -1.3.

MELTING AND POURING
Both families of the yellow brasses are commonly 
melted in either fuel-fired or electric induction furnaces. 
The high zinc content of the alloys poses the problem of 
extensive zinc losses during melting. This adds to the 
difficulty of alloy composition control as well as creates 
environmental control problems in the ventilation of the 
foundry. Flaring o f zinc is worse with the ordinary 
leaded yellow brasses in which there is little or no 
aluminum present to increase the surface tension of the 
bath. Also, for a given alloy, flaring is worse with the 
use of open-flame furnaces, particularly those of the 
reverberatory type. When it is necessary to use fuel-fired 
furnaces in melting the yellow brasses, fluxes may be 
found useful in reducing zinc melting losses when added 
as protective covers. Fluxes are ordinarily found to be 
less necessary when melting is done in electric induction 
furnaces.

A good rule to follow is to melt these alloys rapidly, to 
minimize the degree of superheating, and then pour 
promptly so as to avoid long holding times in the fur­
nace. Before pouring, it will be necessary to replenish 
the zinc lost by vaporization. In the case of the leaded 
yellow brasses, the amount of zinc to be added should 
be established by experience, according to the melting 
practice of the particular foundry. For these alloys,

small variations in zinc level from heat to heat are less 
critical than they would be for the high-strength yellow 
brasses.

For the high-strength alloys it is im portant to m ain­
tain the zinc level within rather narrow limits. Ordinar­
ily, zinc additions in the range of 0.5 to 1.5% will be 
necessary, depending on melting and pouring practice. 
To obtain a measure of the zinc addition required, one 
technique is to chill-cast a finger bar (approximately V2 x 
xh x 8 in.) which can be rapidly cooled by compressed 
air. Brinell hardness readings obtained from such a test 
bar can be correlated with zinc content of the alloy be­
ing cast. With a little experimentation, this rapid­
hardness test procedure can be used as a measure of the 
zinc content of the melt.

Good temperature control must be maintained in 
order to avoid overheating of the metal in the furnace 
and to assure proper pouring temperatures. In general, 
for the leaded yellow brasses the pouring temperature 
range for thin castings should be 2050 to 2180F (1121 to 
1193C) and, for heavy castings, 1900 to 2050F (1038 to 
1121C). When pouring these alloys, the metal surface 
should be kept well-skimmed. Molds should be poured 
as rapidly as possible, keeping the sprue filled at all 
times. In no case should pouring be interrupted, since 
this will allow time for zinc vapors to oxidize and con­
dense on the surface o f the mold. These pockets of zinc 
oxide cause pitted surfaces on the casting, a defect 
known as “ zinc worms”  which is unique to this class of 
alloys (see Defect G 121, Chapter 15).

The proper tapping temperature for the high-strength 
yellow brass alloys is that at which the zinc first begins 
to flare from the surface of the melt. For the lower- 
strength alloys C86400 and C86500, this temperature 
will be about 1850F (1010C), while for the high-strength 
alloys C86200 and C86300 it will be closer to 1950F 
(1066C). As with all alloys, pouring temperature is a 
function of many factors related to  casting size and 
design. In general, the usual pouring range for these 
alloys is about 1750 to 205OF (954 to 1121C). Although 
the ideal pouring temperature is just below the point 
where zinc flaring occurs, good judgement should be ex­
ercised by taking into account the size and quantity of 
castings to be poured from the ladle. The aluminum 
content of these alloys, as well as their narrow freezing 
ranges, place them in the Group I classification of alloys 
described in Chapter 7. The aluminum oxide skin which 
forms on the surface of the molten alloys makes them 
quite sensitive to turbulence during transfer and pour­
ing. (Details regarding the gating and pouring of such 
alloys are given in Chapters 7 and 6.)

PROPERTIES AND APPLICATIONS
The greatest attractions o f the leaded yellow brasses are 
their low cost, excellent castability, machinability, and 
ease o f finishing, combined with an attractive yellow 
color and relatively good corrosion resistance. These
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alloys are used extensively in the plumbing industry for 
many small cocks and fittings, for ornamental castings, 
small gears, and a multitude of machine parts. While 
not as corrosion-resistant as the red and semi-red 
brasses in many environments, their resistance is actual­
ly greater in contact with gasoline, fuel oils and other 
hydrocarbons.

Outstanding strength, in combination with corrosion 
resistance and moderate cost are the principal attributes 
of the high-strength yellow brasses. As already dis­
cussed, the strength and hardness of the alloys increase 
with the percentage of the beta phase in the microstruc­
ture. However, increased amounts of beta diminish both 
the ductility and corrosion resistance of the alloy.

The all-beta alloys C86200 and C86300, because of 
their low levels o f tin and lead, are weldable; alloys 
C86400 and C86500 are not. When welding is done, the 
casting should be stress-relief annealed as described in 
the section of this chapter dealing with metallurgy.

Applications for the all-beta alloys include structural 
castings, heavy-duty bearings, hold-down nuts, gears, 
etc. The use of these alloys in such corrosive en­
vironments as seawater, ammonia, acids, and contact 
with molten metals (mercury, solder, etc.) should be 
avoided. This is because these alloys are subject to 
failure by stress-corrosion cracking in these en­
vironments.

The lower-strength alpha-beta alloys have somewhat 
better corrosion resistance and find applications as 
gears, valve stems, and some marine fittings. Their 
resistance to dezincification in seawater is somewhat im­
proved by small additions of tin, although their 
previously popular use in ship propellers has diminished 
in favor of certain grades of aluminum bronzes.
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Chapter 11 

ALUMINUM BRONZE

INTRODUCTION
Aluminum bronzes are copper-base alloys containing 
about 6% to 12% aluminum and varying amounts of 
iron, nickel, manganese and /o r silicon alloying addi­
tions that provide a broad range of mechanical proper­
ties—from high ductility (as in the tin-bronzes) to the 
high-strength levels of high-tensile manganese bronze. 
As dramatically different properties can be brought 
about by comparatively small changes in chemical com­
position, it is im portant that producers fully understand 
that the consistency and reliability of aluminum bronze 
products can be maintained only by close control of 
chemical composition and manufacturing methods. 
This chapter will present an overview of the significant 
metallurgical characteristics as well as the processing 
and foundry practices related to the casting alloys in­
cluded in ASTM specification B148-78. The alloys listed 
in Table 11-1 include aluminum bronze, nickel- 
aluminum bronze, silicon-aluminum bronze, and 
manganese-nickel aluminum bronze. For more detailed 
information on specific alloys and processes, refer to 
the references at the end of this chapter.

Applications
The aluminum bronzes are widely used in applications 
where good strength, hardness, ductility and corrosion 
resistance are required. Their bearing and wear-resistant 
properties, when adequately lubricated, make them 
useful in applications including gears, slides, gibs, cams, 
bushings, bearings, molds, and dies. The nickel- 
aluminum bronzes are used widely in salt water or oxi­
dizing media applications. Marine propellers are 
manufactured using nickel aluminum bronze alloys pro­
duced to the government specification MIL-B-21230A, 
Alloy 1. Manganese-nickel-aluminum bronze was 
originally developed for marine propellers. The good 
casting characteristics, high strength and ductility and 
good resistance to cavitation erosion make these alloys 
suitable for turbine castings, impellers, and hydrofoil 
components. Other applications for aluminum bronze 
alloys include combustion engine components, steam 
and chemical apparatus requiring elevated temperature 
service 600-750F (316 to 399C), valve components, 
spark-resistant tools, forming dies, rolls and shoes used 
in metal shaping.

METALLURGY

Aluminum and Nickel-Aluminum Bronze
The metallurgy of the aluminum bronzes is complex, as 
these alloys often contain four or more m ajor alloying 
elements. In addition, the structures obtained are

dependent on the cooling rate from the casting 
temperature, and the alloys are heat-treatable. There is 
probably more inform ation published on the metallurgy 
of these alloys than on any other copper alloy system, 
and the reader is referred to the bibliography at the end 
of this chapter for an introduction to this literature. 
W hat follows is a simplified treatment.

Copper-aluminum alloys containing up to about 
9.25% aluminum should exhibit a single phase alpha (a) 
structure according to the equilibrium phase diagram 
shown in Figure 11-1 (a). However, due to the presence 
of the alloying elements nickel and/or iron, the 
microstructures of commercial alloys always contain the 
kappa (x) nickel- or iron-rich phase. The structures for 
alloys containing aluminum and 4% each of iron and 
nickel are shown in the pseudo-binary equilibrium 
diagram o f Figure 11-1 (b). In addition, because of non­
eq u ilib riu m  so lid if ic a tio n  and cooling  w hich 
characterize the casting process, the alloys with more 
than about 8.5% aluminum contain substantial beta (/3) 
phase at higher temperatures. This transforms to alpha 
plus gam m a2 (a + y2) as the casting cools to room 
temperature, and additional kappa is also formed in this 
reaction.

Thus it is common to find a microstructure consisting 
of an alpha matrix in which are embedded particles of 
kappa, and an intimate mixture of alpha + kappa + 
gamma2 in the areas formerly occupied by the high- 
temperature beta phase. The gamma2 phase is detrimen­
tal to both ductility and seawater corrosion resistance. 
The am ount of this phase in the microstructure in­
creases with the aluminum content; therefore, the

( a )  W E IG H T  PERCENT A L U M IN U M

Fig. 11-1. Equilibrium phase relationships fo r  (a) aluminum 
bronze, and (b) nickel-aluminum bronze.
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Table 11-1. N om inal C om position o f  A lum inum  Bronze Sand Casting A lloys, A S T M  B148-78

Copper Alloy No. (CDA) Old
Designation

Commercial
Designation Copper

Nominal Composition, percent 

Nickel Iron Aluminum Silicon Manganese
Aluminum bronze C95200 9A Grade A 88.0 ___ 3.0 9.0 — —

Aluminum bronze C95300* 9B Grade B 89.0 ___ 1.0 10.0 — —

Aluminum bronze C95400* 9C Grade C 85.0 — 4.0 11.0 — —

Aluminum bronze C95500* 9D Grade D 81.0 4.0 4.0 11.0 — —

Silicon-aluminum bronze C95600 9E Grade E 91.0 — — 7.0 2.0 —

Manganese-nickel aluminum bronze C95700 9F Grade F 75.0 2.0 3.0 8.0 — 12.0
Nickel-aluminum bronze C95800 — — 81.3 4.5 4.0 9.0 — 1.2

*These grades respond to heat treatment.

Table 11-2. Chemical Composition Requirements fo r  Aluminum Bronze Sand Castings, ASTM  B148-78°

Classification Aluminum Bronze
Silicon-

Aluminum
Bronze

Manganese-
Nickel-

Aluminum
Bronze

Nickel-
Aluminum

Bronze
Copper Alloy Number C95200 C95300 C95400 C95500 C95600 C95700 C95800

Composition, percent
Copper, min 86.0 86.0 83.0 78.0 88.0 71 79.0
Aluminum 8.5-9.5 9.0-11.0 10.0-11.5 10.0-11.5 6.0- 8.0 7.0-8.5 8.5-9.5
Iron 2.5-4.0 0.75-1.5 3.0-5.0 3.0-5.0 — 2.0-4.0 3.5-4.5b
Manganese _ „ . — — 0.50 max 3.5 max — 11.0-14.0 0.8-1.5
Nickel — — 2.5 max 3.0-5.5 0.25 max 1.5-3.0 4.0-5.0b
Silicon — — — — 1.75-3.25 0.10 max 0.10 max
Lead — — — — — 0.03 max 0.03 max
Total named

elements 99.0 99.0 99.5 99.5 99.0 99.5 99.5
a Analysis shall regularly be made for all the elements designated in this table. 
b Iron content shall not exceed the nickel content.

higher-strength, higher-aluminum-content aluminum 
bronzes C95300, C95400, and C95500 generally rely on 
heat treatment and /o r alloying with nickel and 
manganese to prevent formation of excessive gamma2 
phase in the casting microstructure. Both nickel and 
iron combine with the aluminum to form complex 
kappa phases and thus increase the amount of 
aluminum necessary to introduce the gamma2 phase. 
Figure 11-1 (b) is considered representative o f the 
equilibrium diagram for alloy C95800. The addition of 
manganese to the aluminum-bronze is reported to slow 
down the transform ation of beta phase to the alpha- 
plus-gamma2 eutectoid. The effects of an additional 4% 
nickel, 3% iron and 1% manganese on the as-cast 
microstructure of a 9°7o aluminum alloy are illustrated 
in Figure 11-2.

Alloy C95600, the silicon aluminum bronze, is 
reported to take advantage of the finding that silicon, 
like manganese, has a positive aluminum equivalent 
(1% Si equals 1.6% Al) and has the advantage of reduc­
ing the difficulties associated with the breakdown of 
beta phase to the alpha-plus-gamma2 eutectoid at slow 
cooling rates. This alloy is claimed to have improved 
machinability and enhanced bearing properties. Up to 
1 % iron may be added as a grain refiner.

The specified chemical composition requirements of 
ASTM B148-78 for the aluminum bronzes are presented 
in Table 11-2. In addition to the elements listed, impur­

ity elements can significantly alter properties. The addi­
tion of lead, which is virtually insoluble and forms 
isolated interdendritic particles, has a beneficial in­
fluence on machinability. Additions over 1% are 
necessary for significant changes. Lead also can be 
added to improve bearing properties where lubrication 
is poor, but such aluminum bronze alloys have reduced 
strength and ductility. For castings to be welded or heat- 
treated, the lead content should be below 0.1% and 
preferably lower to reduce the tendency for the heat- 
affected zone cracking or quench-cracking. For exam­
ple, in continuously cast alloy C95800, the lead permit­
ted in ASTM B505 is 0.03% maximum.

Zinc is perhaps the most common impurity in alu­
minum bronze and may, on rare occasions, exceed to 
1%. Zinc is not considered to have a harmful effect on 
either mechanical properties or corrosion resistance 
unless amounts greater than 1% are present. Generally, 
small amounts of tin up to approximately 0.2% are not 
considered harmful. Magnesium has been recom­
mended as a deoxidant, but even 0.01 % is said to have a 
harmful effect on ductility. Phosphorus is reputed to be 
a harmful impurity, but does not alter the usual 
mechanical properties until more than 0.8% is present; 
however, hot shortness may be encountered during 
welding at levels as low as 0.01%.

With regard to heat treatment, alloy C95200 is non- 
heat-treatable. Alloys C95300, C95400 and C95500 can 
be heat-treated to  higher strength levels. These alloys
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(a-1) 3 F e - 1 Mn (b-1) 4Ni -  1 Mn (c-1) 3 F e - 1Mn

(a-2) 3F e-3M n
Effect of manganese on as-cast structure of a 
9% AI-4% Ni alloy (500x).

(b-2) 5Ni - 1  Mn
Effect of nickel on as-cast structure of a 9% Al, 
3% Fe alloy (500x).

(c-2) 5Fe -  1 Mn
Effect of iron on as-cast structure of a 9% 
AI-4% Ni alloy (500x).

Fig. 11-2. Effects o f  composition on microstructure o f  aluminum bronze. Basic composition 9%  Al, 4% Ni, 3%  Fe, and 1% Mn.

are normally subjected to two-step thermal treatments: 
a solution treatment in the range of 1450 to 1700F (788 
to 927C) followed by rapid cooling plus a temper in the 
range o f 1100 to 1250F (593 to 677C), also followed by 
quenching in water or oil. Both alloy composition and 
anticipated service requirements must be considered in 
the selection of a heat-treatment cycle. The increased 
strength after heat treatment is accompanied by reduced 
tensile ductility, as shown in Table 11-3. Alloy C95800, 
when intended for seawater service, is normally given a 
temper anneal heat-treatment at 1200 to 1300F (650 to 
700C) to dissolve any gamma phase, and is still required 
to meet the minimum tensile properties specified in 
Table 11-3 for non-heat-treated material.

Manganese-Nickel Aluminum Bronze
The C95700 alloys are reported to solidify with an all­
beta structure, but below approximately 1560F (850C) 
some beta phase transforms to alpha phase resulting in 
an alpha-plus-beta microstructure in which are em­
bedded a number of iron-manganese, and nickel-rich 
intermetallic compounds,. Aluminum has the greatest ef­
fect on mechanical properties, increasing strength and 
reducing ductility. Manganese has similar but less

significant effects on properties. Iron is added to refine 
the grain size and produces fine to coarse particles in the 
microstructure. Nickel is added mainly to  improve cor­
rosion resistance but has little effect on tensile proper­
ties. Tin additions of about 0.25% reportedly improve 
general seawater corrosion resistance.

Impurity elements including carbon, silicon, and 
phosphorus introduce embrittling phases in this m ater­
ial. Excessive carbon results in “ sparkle” on fracture 
surfaces or thin or needle-like particles in the 
microstructure. Phosphorus in excess of about 0.05% 
can also produce a “ sparkle” -like defect. Zinc levels 
should be kept to below 0.5% since zinc impairs cor­
rosion resistance and causes porosity in weldments.

Although alloy C95700 is not normally heat-treated, 
quenching from 1520F (825C) followed by tempering 
can impart a useful increase in strength at the expense of 
ductility. Stress relief annealing at 1050F (565C) or at 
1200F (650C) has been reported to improve the seawater 
corrosion resistance of weldments. Slow cooling below 
about 1000F (550C) increases magnetic permeability
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Table 11-3. M echanical Property Requirem ents fo r  A lum inum  Bronze Sand Castings, A S T M  B 148-78

Classification Aluminum Bronze
Silicon-

Aluminum
Bronze

Manganese-
Nickel-

Aluminum
Bronze

Nickel-
Aluminum

Bronze
As-Cast

Copper Alloy Number C95200 C95300 C95400 C95500 C95600 C95700 C95800
Tensile strength, min, ksi (MPa) 65 65 75 90 60 90 85

(450) (450) (515) (620) (415) (620) (585)
Yield strength3, min, ksi (MPa) 25 25 30 40 28 40 35

(170) (170) (205) (275) (195) (275) (240)
Elongation in 2 in. (50.8 mm) percent 20 20 12 6 10 20 15
Brinell hardness No.b (3000 kg load) 110 110 150 190 — — —

Heat-Treated
Copper Alloy Number — 953 954 955 — — —

Tensile strength, min, ksi (MPa) — 80 90 110 — — —

— (550) (620) (760) — — —

Yield strength3 min, ksi (MPa) — 40 45 60 — — —
— (275) (310) (415) — — __

Elongation in 2 in. (50.8 mm), percent — 12 6 5 — — —

Brinell hardness no.b (3000 kg load) — 160 190 200 — — —
a Yield strength shall be determined as the stress producing an elongation under load of 0.5 percent, that is, 0.01 in. (0.254 mm) in a gage 

length of 2 in. (50.8 mm).
b For information only.

and reduces ductility and impact resistance due to low- 
te m p e ra tu re  p re c ip i ta tio n  o f  m an g an ese -r ich  
compounds.

MECHANICAL PROPERTIES
The minimum tensile and hardness properties as 
specified in ASTM B148-78 are listed in Table 11-3. For 
additional inform ation on the physical and /o r mechan­
ical properties of these copper-base casting alloys, the 
reader should see references 2 and 3 at the end of this 
chapter, and also refer to Chapter 17.

FOUNDRY PRACTICES
Aluminum bronzes represent one of the most versatile 
families of copper-base alloys from the standpoint of 
molding and casting processes. Parts are regularly cast 
in a wide range of sizes using both synthetic green sand 
and dry sand molds. A large tonnage of marine pro­
pellers is cast in cement-bonded or chemically-bonded 
dry sand molds. (Factors to be considered in the selec­
tion and use of mold and core sands for aluminum 
bronzes are discussed in Chapter 3.)

The narrow freezing ranges and relatively high hot- 
strength of aluminum bronzes (along with the absence 
of lead as an alloy constituent) enables these materials 
to be cast in permanent molds, either by gravity or by 
low-pressure diecasting. Aluminum bronzes in recent 
years have also been produced by continuous casting.

Gating and Risering
The production of sound aluminum bronze castings 
necessitates the use of techniques that are different from 
those used in casting tin bronze alloys. Since the alloy 
has high drossing tendencies, it is imperative that the 
metal be introduced into the mold in such a manner that 
agitation is avoided.

In most cases, for light castings of nonuniform  sec­
tion thickness it is advantageous to gate into thick sec­
tions so that the metal in the gate will act as a feeder. 
Where possible, the gate should be as far from the cores 
as possible so as to reduce the likelihood of turbulence.

The general practice of using several small gates 
should be avoided, as should double pouring. This is 
because the oxide films of separate metal streams may 
not unite, and thus may cause cold shuts or laps.

It is again emphasized here that runners should be 
placed in the drag, with gates in the cope. Runners 
should extend beyond the furthest gates in an effort to 
entrap dross, and a minimum distance o f 5-6 inches be­
tween the bottom  of the sprue and the first gate is ad­
vised. This helps trap dross on the top of the runner. In 
many cases it is advisable to use backup gates which are 
angled in the direction of the sprue. Sharp corners 
should be avoided. In the case of large castings, skim­
ming can be done through open risers during pouring.

The basic principle to follow when designing gating 
systems for aluminum bronze is to avoid conditions 
which result in the formation of oxides, and to trap, 
skim, or otherwise prevent unavoidable oxides from 
entering into the casting proper. Recently developed 
porous ceramic filters, when correctly incorporated into 
the runner, may provide significant improvement. 
However, in large castings where the filter is exposed to 
high temperatures and flow rates for longer periods, the 
filter may disintegrate (which introduces inclusions 
from this secondary source).

The high shrinkage and short freezing-range of 
aluminum bronze dictates the provision of large feeding 
heads, or risers. In accordance with the general rules of
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shrinkage control, the risers are placed so as to feed the 
portions of the casting that solidify last.

Typical gating and risering systems are shown in Figs.
11-3 through 11-9, and modern practice is also described 
in Chapter 7. Molds are often tilted to ensure progres­
sive solidification. Tilting machines similar to those 
used for large aluminum permanent molds are some­
times used.

It is very common, in the casting of aluminum 
bronze, for the weight of the heads and risers to exceed 
the weight of the casting being poured. In fact, it is rare 
to find casting yields of more than 50%.

Many devices such as chills, insulating materials, ex- 
othermics, and so forth, are used to assist the risers in 
serving their function. The use of chills on heavy sec­
tions also aids in overcoming the tendency to form 
coarse and brittle structures due to slow cooling. In 
Europe, select compositions of aluminum bronze are 
widely used in permanent mold casting.

Melting and Pouring-
Practically all equipment suitable for other brasses and 
bronzes can be satisfactorily used for melting aluminum 
bronze. The most im portant factor, regardless of the 
method, is that the heat or charge should be brought to 
the pouring temperature as rapidly as possible. For this 
reason the furnace should have ample heat input.

Fluxes can be used advantageously with aluminum 
bronze for the purpose of providing a cover over the 
molten metal and thereby preventing gas absorption, 
and for preventing the formation of oxides. Also, fluxes 
can be used for the removal of oxides already present. 
Since aluminum oxide is highly refractory, only certain 
fluoride-based fluxes possess sufficiently strong solvent 
action to serve these purposes. In actual practice, fluxes 
should be used with caution as the slag which is formed 
may be difficult to remove and can attack crucibles and 
furnace linings.

Induction melting is satisfactory provided the power 
input is reduced to avoid turbulence and thus prevent 
the surface oxide skin from being broken and stirred 
into the melt. The following paragraphs give practical 
guidelines im portant to the production of clean, low-gas 
heats of aluminum bronze.

Unless the foundry has much alloying experience, as 
well as laboratory facilities to check chemical analysis, it 
will probably be advantageous to purchase properly 
prepared ingot. In the use of prepared ingot, certain 
precautions and procedures are advisable. For purposes 
of discussion we will assume that gas-fired crucible fur­
naces are being used. The procedures would be as 
follows:

1) Preheat a clean crucible to normal operating 
temperature.

Fig. 11-3. Typical gating and risering system fo r  matchplate 
casting.

Fig. 11-4. An example o f  conventional chilling, gating, and 
risering technique.

MOLD TIPPED ^  IKJCH PER FOOT
RISER LOW DURING POURING
RISER HIGH DURING S O L ID IF IC A T IO N

T ILT -

/S'

\

Fig. 11-5. An example o f  tilt-pouring and feeding.

2) Charge the furnace, keeping the charge below the 
top edge of the crucible. If  both new ingot and 
backscrap are being used, the ingot should be on 
the bottom. Backscrap should not exceed 30% of 
the charge unless it is in very large sections.

3) The remainder of any metal to be charged into the 
crucible should first be preheated by the exhaust 
gases leaving the furnace.

4) Add the balance of the charge while the metal in 
the crucible is still in the semi-solid state.
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MOLD TIPPED INCH PER FO O T 
RISER LOW  DURING POURING 
RISER HIGH DURING S O LID IFIC A TIO N

Fig. 11-6. Another example o f  tilt-pouring and feeding.

Fig. 11-7. An aluminum bronze casting with tapered round 
sprue, drag runner, and screens under the combination gate- 
risers.

Fig. 11-8. A gating system fo r  aluminum bronze showing a 
tapered rectangular sprue, choked (arrow) drag runners, and 
cope gates.

5) The flame should be slightly oxidizing and should 
be adjusted to  a rich green color with a slight tinge 
of yellow. Check for proper pouring temperature 
with an immersion-type pyrometer.

Fig. 11-9. An aluminum bronze casting utilizing the 
principles o f  vertical gating with screens and web gates.

6) Before pouring make a gas-check determination 
using the shrink bar or, preferably, the vacuum 
test. If the presence of gas is indicated, purge with 
dry nitrogen or with commercial degassing tablets 
developed for aluminum bronzes. Continue purg­
ing until all indications of gas disappear. If the 
metal is gassed to the extent that purging is not 
completely successful the metal should be cast into 
ingot and used in subsequent heats. The cause of 
the excessive gas should be determined and 
corrected.

7) Skim dross from the surface of the melt. Pour 
without any further delay.

If the alloy is being made in the foundry, it is advis­
able to start with purchased hardener containing 
approximately 70% aluminum and 30% iron. Nickel, 
when needed, should be added in the form of 50-50 
nickel copper shot. Manganese is usually added in the 
form of copper manganese master alloy of 30% 
manganese content.

When preparing an alloy it is important that the iron 
be dissolved and the melt be homogeneous in all 
respects.

Castings should be poured within the range 
2050-2300F (1121-1260C ). A lthough the exact 
temperature varies with casting size and shape, pouring 
should always be done at as low a temperature as prac­
tical. Superheat temperature is generally 50-1 OOF 
(28-55C) above pouring temperature to allow for heat 
loss during degassing, transfer, and so forth. Minimum 
disturbance o f the metal during pouring is important. 
The lip of the crucible or ladle should be held as close to 
the mold as possible and the molten metal should be 
delivered in a continuous, smooth stream. Splashing 
should be avoided so as not to entrap air.

Shakeout Time
Tests have shown that shakeout temperature has little 
effect on the properties of test bars. However, as rapid 
cooling from 1100F (600C) to room temperature in­
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hibits kappa and alpha-gamma2 transform ation, early 
shakeout of larger castings may enhance corrosion 
resistance. Large, thin, complicated sections should not 
be shaken out too soon because of possible warpage.

Due to high iron content, the highly alloyed 
aluminum bronzes are not susceptible to the 
phenomenon known as self-annealing, and shakeout 
time is not critical.

Finishing
Aluminum bronze alloys are tough and hard; as such, 
best finishing results are usually obtained with abrasive 
cut-off tools and grinding. However, because some 
special high-aluminum alloys are very brittle, it is best to 
cut off gates and risers while the castings are at red heat.

REPAIR AND SALVAGE
The aluminum bronzes can be joined by most welding 
processes and can be brazed and soldered using special 
fluxes. Many of the earlier welding problems with 
aluminum bronzes have been overcome, and the best 
results are obtained jv ith  inert gas metal arc-welding 
(GMAW) and gas tungsten arc-welding (GTAW). 
Coated electrodes for the shielded metal arc-welding 
(SMAW) process are also available. The most signifi­
cant characteristics of aluminum bronze are as follows:

Oxide film s—the high-melting-point oxide makes 
welding difficult unless inert gas arc-welding processes 
or active fluxes containing chlorides and fluorides are 
employed. Fluxes for oxyacetylene or SMA welding are 
hygroscopic and must be dried to prevent porosity. 
Wire-brushing before each weld run is the preferred 
method for removing oxides.

Thermal expansion—the coefficient of thermal expan­
sion (averaging 0.000018 cm / °c) is higher than for many 
metals and high residual stresses or distortions are likely 
to occur in weldments. The high thermal conductivity 
results in a wide heat-affected zone and can affect cor­
rosion resistance or other properties.

High temperature ductility—strict control of lead (0.03 
max) and tin (0.1 max) content is essential to maintain 
maximum elevated temperature ductility and to prevent 
subsolidus cracking. Configurations of weld patterns 
should be so arranged as to minimize restraint during 
welding.

In regard to  arc-cutting of aluminum bronzes, 
tungsten arc-cutting provides the best edge and is pre­
ferred over carbon-arc, oxy-arc, and iron powder cut­
ting. It is reported that oxy-gas cutting of aluminum 
bronze is not satisfactory. Post-weld stress relief heat- 
treatments may be required for certain seawater corro­
sion applications.1314

DEFECTS
Defects in aluminum bronze with a few exceptions will 
follow the general pattern of cause-and-remedy typical

for other copper-base materials, which are covered in 
Chapter 15. Aluminum bronze is usually free from 
microporosity, but the tendency to form gross shrinkage 
cavities due to inadequate feeding is greater than that 
encountered in most other alloys. Aluminum bronzes 
are highly prone to dross formation. Cold shuts or laps 
will result both from too low a pouring temperature and 
from the quiet meeting of two streams of oxidized 
molten material.
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Chapter 12 

COPPER-SILICON ALLOYS

INTRODUCTION
This chapter covers two families of alloys, the silicon 
bronzes and the silicon brasses. By definition, the 
distinction between the two families is a m atter of zinc 
content—the bronzes containing not over 5% zinc, and 
the brasses containing more than 5% zinc.

The silicon bronzes were first introduced, circa 1920, 
as wrought alloys produced by two different well- 
known brass mills. These alloys were designated by the 
respective trade names “ Herculoy” and “ Everdur,” 
and differed principally in zinc content. Today, the cast 
versions of these two alloys are both encompassed in a 
single UNS designation number and constitute the only 
members of this family.

The silicon brasses, which were developed somewhat 
later, possess the fluidity and castability of the silicon 
bronzes, and also have the advantage of lower melting 
points as a result of their higher zinc contents. This 
makes the silicon brasses particularly well-suited for 
both pressure die casting and permanent-mold casting. 
Although several commercial compositions exist (see 
Chapter 1), only two representative alloys are covered in 
this chapter.

The popular usage of silicon bronzes reached a peak 
during World War II, at a time when the world supply 
of tin was severely curtailed. These alloys were accepted 
as adequate substitutes for tin bronzes in certain appli­
cations. Today, however, these alloys comprise a 
relatively small percentage of the copper-alloy foundry 
industry’s annual tonnage. Although experienced metal­
lurgists recognize the excellent casting properties of 
copper-silicon alloys, their silicon content makes them 
incompatible with the more popular copper-tin-zinc- 
lead alloys, causing many foundrymen to be hesitant 
about introducing them into the foundry. The future 
may see a reversal of this trend, since the copper-silicon 
alloys offer a means of eliminating the lead contamina­
tion problems in the foundry atmosphere and in the 
foundry’s solid wastes.

PROPERTIES AND APPLICATIONS 

Silicon Bronze
As shown in Chapter 1, alloy C87200 is the only alloy 
listed which qualifies as a silicon bronze, by virtue of the 
limitation on zinc content (5% max.):

Min. Max. Nominal

A1 1.5
Cu 89.0
Fe 2.5
Pb 0.50
Mn 1.5
Si 1.0 5.0 4
Sn 1.0
Zn 5.0

Tensile strength: 45.0 ksi 
Yield strength: 18.0 ksi
Elongation: 20%

In practice, two compositions continue to be pro­
duced and used, one being essentially zinc-free and the 
other containing a nominal 4% zinc:

Nominal Compositions, C87200

Cu Si Zn Mn
“ Herculoy” -type 92 4 4 -
“ Everdur” -type 95 4 -  1

It can be seen that both alloys fall within the chemical 
composition limits of C87200. Both likewise exhibit 
mechanical properties which meet or exceed the 
minimum values listed. In fact, mechanical properties 
can vary considerably, depending on silicon content; 
higher levels of silicon produce greater strength and 
hardness with less ductility.

Many have observed that the zinc-containing alloy 
seems less prone to gas pick-up during melting, being 
less temperature-sensitive in this regard. Conversely, the 
zinc-free composition has somewhat better corrosion 
resistance in certain environments. In general, however, 
both compositions are recognized as having good to ex­
cellent corrosion resistance in a wide range of chemical 
environments, and this accounts for one of their m ajor 
uses (see Chapter 17).

Typical applications for the silicon bronze composi­
tions are pump and valve parts, impellers, bearings, 
gears, marine fittings and bells. Their combined proper­
ties of good fluidity, atmospheric corrosion resistance 
and weldability have likewise made these alloys popular 
for art casting work.

Silicon Brasses
Although several different alloy compositions exist 
within the family of silicon brasses, two have been 
selected for the purpose of discussion as being represen­
tative.
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Nominal Composition

Cu
Si
Zn

Tensile strength, ksi 
Yield strength, ksi 
Elongation, % 
Freezing range

C87500
82
4

14

60 min.
24 min.
16 min.
(916-821C) 

(1680-1510F)

C87900
65

1
34

70 typ.
35 typ.
25 typ. 
(926-899C)

(1700-1650F)

Alloy C87900 is actually a yellow brass (34% zinc) 
with 1 % silicon added to impart fluidity and to control 
drossing. This alloy likewise has a rather low melting 
temperature and is used extensively for the production 
of pressure die castings where moderate strength is re­
quired. Addition of aluminum up to the maximum 
allowed by the specification (0.15%) is most necessary 
in order to obtain good fluidity and to suppress zinc 
flaring during casting. This alloy is used very little for 
sand castings because of its drossing tendency and 
susceptibility to gas pickup. The mechanical properties 
listed above are typical values for die-cast parts made in 
accordance with ASTM B176.

The mechanical properties listed for C87500 are 
minimum values, per ASTM B584, for test bars 
separately cast from sand molds. Alloy properties can 
vary widely, depending on the actual levels of silicon 
and zinc within the specification limits; close control of 
composition must therefore be exercised to achieve the 
desired properties. The low melting point and good 
fluidity of this alloy contribute to its versatility in 
casting parts in sand, plaster, ceramic, or permanent 
molds, as well as in the production of centrifugal cast­
ings and pressure die castings. Typical applications are 
bearings, gears, impellers, rocker arms and valve stems.

METALLURGY & EFFECTS OF IMPURITIES
The copper-silicon phase equilibrium diagram shown in 
Fig. 12-1 indicates that binary alloys containing less 
than 4% silicon should solidify as single-phase, 
“ alpha” (a) solid solutions. This is essentially the case 
for the low-zinc (Everdur) version o f C87200, whose 
normal microstructure is shown in Fig. 12-2 at lOOx 
magnification. Here, the most distinctive feature is the 
dendritic pattern seen within the grains (coring), 
resulting from micro-segregation during solidification. 
The presence of other elements within the permissible 
limits, and particularly iron and manganese, causes the

Cu 5 6 7 8 9
Weight Percentage Silicon

10 14
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Fig. 12-2. Microstructure o f  “Everdur” (low-zinc) version o f  
C87200 (3.5% Si, 1.5% Fe), showing cored alpha matrix 
with a few  small, white beta islands. Black areas are 
porosity. (Ferric chloride etch, lOOx)

formation of intermetallic compounds containing 
silicon. These occur at grain boundaries or as fine 
precipitates within the alpha grains, and have a substan­
tial strengthening effect on the alloy. The lack of ade­
quate diffusion during solidification, which causes the 
coring effect, may also cause the last remaining liquid to 
freeze by a peritectic reaction, resulting in the formation 
of small amounts of a second “ beta” (/3) phase at the 
grain boundaries of the alpha matrix. Figure 12-3 shows 
the same microstructure as Fig. 12-2, but at a magnifica­
tion of 500x. At this magnification one can readily see 
the precipitated particles of the iron-manganese-silicon 
intermetallics as well as a few isolated colonies of the 
beta phase. Note that this phase, in the earlier literature 
dealing with the copper-silicon phase-equilibrium 
diagram, was formerly identified as the “ kappa” (x) 
phase. The phase-equilibrium diagram indicates that the 
beta phase, below 555C (103IF), should decompose to 
form an alpha-delta (d) eutectoid. The sluggishness of 
this reaction is such that the delta phase is seen only in 
slowly cooled sections.

As significant amounts of zinc are added to an alloy 
containing 4%  silicon, the presence of the beta phase 
becomes much more evident in the microstructure. This 
phase is a ternary Cu-Si-Zn solid solution which is 
isomorphous with the beta phases appearing in the Cu- 
Si and Cu-Zn phase-equilibrium diagrams, respectively. 
This duplex alpha-beta structure is typical of the “ Her- 
culoy” (4%  zinc) version of C87200 and also of alloy 
C87500, which contains 14°7o zinc. The strength of these 
alloys is enhanced by the presence of the harder 
(although less ductile) beta phase. These alloys have 
relatively wide freezing ranges and, hence, solidify in a 
dendritic manner. For this reason, as shown in Fig. 12-4,

Fig. 12-3. Same as Fig. 12-2, showing evidence o f  fine 
precipitates in the cored, alpha structure plus larger (gray) 
intergranular particles o f  Fe-Mn-Si intermetallics. Light 
areas are islands o f  beta. (500x)

Fig. 12-4. Microstructure o f  “Herculoy” (high-zinc) version 
o f  C87200 (3.75% Si, 4.75% Zn), showing alpha matrix 
with large amounts o f  beta phase located in interdendritic 
areas. (lOOx)

the beta phase occurs within the interdendritic areas of 
the alpha matrix. At higher magnification (Fig. 12-5) it 
may be seen that the beta particles are frequently sur­
rounded by parallel striations, extending into the alpha 
phase. Also, the beta phase sometimes contains acicular 
particles of the silicon-rich delta phase.

The high zinc content (34% ) of alloy C87900, 
together with its low (1%) silicon content, causes it to 
more nearly resemble a yellow brass. Its microstructure 
is essentially single-phased (alpha), explaining its



Fig. 12-5. Same as Fig. 12-4, showing alpha phase free  o f  
precipitates with striation marks surrounding the large 
islands o f  beta. The acicular particles within the beta phase  
are probably  the silicon-rich delta phase. (300x)

relatively high ductility. Its excellent tensile strength 
results from solid-solution strengthening, plus the very 
fine grain size due to the rapid cooling rates of the die 
casting process.

It should be pointed out that alloy C87500 has a total 
impurity limit (all elements) of 0.5%. This is because the 
alloy contains high percentages of the beta phase and is 
sensitive to embrittlement. Conversely, the specification 
for alloy C87200 allows maximum values of 1.0% Sn, 
0.5% Pb, 2.5% Fe, 1.5% Al, and 1.5% Mn. This is 
because practically all of these have been used as alloy­
ing elements (rather than “ impurities” ) in commercial 
variations of C87200.

The effects of the foregoing elements on alloy C87200 
are twofold. First, because of their respective effects on 
the solubility limits of silicon, their presence will influ­
ence the amount of beta in the microstructure, similar to 
the effect of zinc and aluminum in the high-strength 
yellow brasses (Chapter 10). For example, increased 
aluminum in the alloy increases the percentage of beta 
formed (with commensurate increases in strength and 
hardness and decrease in ductility). Second, these 
elements affect diffusion rates during solidification and 
subsequent cooling, causing variations in the degree of 
coring and the tendency of the beta phase to transform 
to the equilibrium, alpha-delta eutectoid structure at 
lower temperatures.

It is obviously necessary, therefore, to exert close con­
trol on alloy composition limits and impurities in order 
to achieve consistent mechanical properties for alloy 
C87200. Even with such control, one can experience 
considerable variation in properties with section size 
because of the effects of coring (micro-segregation). It 
has been reported that homogenization of a cored struc­

ture by soaking 8 hours at 700C (1292F) has shown im­
provement in ductility; however, it is questionable 
whether such heat treatm ent is cost-effective in any but 
special cases.

MELTING AND POURING
Overheating of these alloys during melting may seri­
ously damage mechanical properties. This effect is often 
attributed to the strong tendency of these alloys toward 
gas absorption. Actually, these alloys give anomalous 
results when subjected to  the reduced-pressure 
solidification test for gas content, as described in 
Chapter 5. Tests with alloys C87200 and C87500 in­
dicate relatively little tendency toward gas pickup, yet 
industrial experience has shown frequent cases of gas 
porosity in castings. Hydrogen is the gas involved, and 
there appears to be the possibility that hydrogen ab­
sorbed by the melt may actually react with silicon to 
form a relatively stable hydride. Whereas certain pro­
prietary degassing agents may be useful for gas control, 
the best procedure is to melt the alloys as rapidly as 
possible, superheat to the pouring temperature without 
overheating, and then pour promptly with minimum 
turbulence.

In general, these alloys are poured with somewhat less 
superheat than are those of the copper-tin-lead-zinc 
family. This practice is possible because o f the lower 
drossing tendencies of the silicon brasses and bronzes, 
together with their greater fluidity. This greater fluidity 
may, in fact, be attributed to the effect o f silicon in 
lowering the surface tension of the molten alloy. The 
following are suggested pouring temperature ranges:

_________ C87200_________ __________ C87500________

Thin sections
2050-2250F (1121-1232C) 1900-21 OOF (1038-1140C) 
Heavy sections
1900-2050F (1038-1121C) 1800-1900F (982-1038C)

Alloys C87200 and C87500 are classified as having 
drossing and shrinkage characteristics which are inter­
mediate between those of the red brasses and those of 
the high-strength yellow brasses and aluminum bronzes. 
Their tendency toward oxide-skin formation makes it 
advisable to use the non-turbulent gating techniques ad­
vocated for aluminum bronzes (see Chapter 7). The 
intermediate freezing ranges of these alloys, as ex­
plained in Chapter 8, require feeding techniques which 
utilize high thermal gradients in the mold in order to 
achieve directional solidification and subsequent 
freedom from shrinkage porosity.

Alloy C87900, because o f its higher zinc content, has 
a much greater drossing tendency. This explains the 
earlier statement that the maximum allowable alumi­
num content is often added to supress flaring. Alloy
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C87900 has a rather narrow freezing range; as noted, 
however, the alloy is used almost exclusively for 
pressure diecasting where the usual principles of gating 
and risering do not apply.
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Chapter 13 

COPPER-BASE ALLOYS WITH NICKEL, 
AND MONEL METAL

INTRODUCTION
Nickel-bearing copper-base casting alloys are of three 
general classes: 1) cupronickel alloys, 2) leaded nickel 
brasses and bronzes commonly known as nickel silvers, 
and 3) nickel-tin type age-hardenable bronzes.

Monel is a nickel-copper alloy.

Cupronickel Alloys
Two alloys in the cupronickel family are covered by 
ASTM and military specifications. Table 13-1 gives the 
chemical composition and tensile properties for these two 
alloys in ASTM B369. Conforming specifications and ad­
ditional properties can be found in Chapters 2 and 17.

A considerable amount of work has been done on a 
c h ro m iu m -m o d ified  7 0 /3 0  cu p ro n ic k e l a lloy  
(IN-768)3’11 and on beryllium7 and silicon-beryllium8 
modifications of the same alloy.

The cupron ickel alloys have good co rrosion - 
resistance for marine service and are superior to the 
copper-tin bronzes, such as C90500 (1A or Navy “ G ” ) 
or C92200 (2A or Navy “ M ” ), for this application. 
Cupronickels can be cast in heavy sections to greater 
soundness than can the tin bronzes and are readily 
weldable, which is an im portant attribute in casting 
alloys. The copper-tin bronze alloys are not readily 
weldable. The tensile properties of these alloys, espe­
cially those of the 70/30 cupronickel alloys, are superior 
to those of the copper-tin-bronze alloys.

The basic mechanical properties as well as the 
corrosion- and heat-resistance of copper are pro­
gressively improved with increasing nickel content. 
Nickel also has a strong effect on the color, as the 90/10 
cupronickel alloy is pinkish in color while the 70/30 
cupronickel alloy has a silvery-white color.

The 70/30 cupronickel alloy can be hardened and 
strengthened significantly with additions of silicon,

niobium  (colum bium ), alum inum , beryllium , and 
chromium. Although a number of alloy systems have 
evolved to strengthen the alloy, the niobium-silicon 
modified 70/30 cupronickel is the most commonly used 
and is covered by ASTM B369. Proper balancing of 
these alloying elements produces an alloy having a good 
combination of castability, weldability, and mechanical 
properties.

The 90/10 cupronickel alloy is also covered by 
specification ASTM B369 (C96200). It, too, is a 
weldable alloy, but its tensile properties are considerably 
less than those of the 70/30 alloy. However, the 90/10 
alloy does have tensile properties equivalent to C90500 
(1A - Navy “ G ” ), and better than C92200 (2A - Navy 
“ M ” ), and can be cast in heavy sections to greater 
soundness than these copper-tin bronzes. The corrosion 
rates in seawater are considerably lower than for tin 
bronze but are somewhat greater than for the 70/30 
alloy, especially at higher velocities and temperatures.

Nickel Silvers—Leaded Nickel-Brasses 
and Bronzes
The nickel silver alloys are characterized by a pleasing 
white appearance. These alloys are used in corrosion- 
resisting applications such as dairy and food machinery 
parts, restaurant kitchen equipment, steam fittings, 
hardware for marine and building applications, etc., 
and compete with stainless steel in these areas. These 
alloys contain from 12 to 25% nickel, 2 to 20% zinc, up 
to 5% tin, and up to 9% lead. ASTM B584 covers the 
12%, 20% and 25%-nickel, leaded nickel silver alloys. 
The nominal compositions and properties are shown in 
Table 13-2. The most commonly used casting applica­
tions are relatively low in zinc, and also contain tin and 
lead.

Nickel-Tin Bronzes
The nickel-tin bronzes provide a useful combination of 
high strength, corrosion-resistance, and good wear

Table 13-1. Chemical composition and tensile properties fo r  70/30 and 90/10 cupronickel alloys.

Copper Alloy 
UNS No.

ASTM
Spec. Cu Ni Fe Si Mn Pb* Nb C

Yield Strength 
min. ksi

Tensile Strength 
min. ksi Elong. in 2 in.

C96200 B369 min.
max.

84.5 9.0
11.0

1.0
1.8 0.30 1.5 0.03 1.0 0.10

25 45
min. % 

20

C96400 B369 min.
max.’

65.0 28.0
32.0

0.30
1.5 0.50 1.5 0.03

0.50
1.5 0.15

32 60 20

‘ Weldability test requirements may not be attained if the lead content exceeds 0.01%.
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Table 13-2. N om inal chemical com position and minimum tensile properties o f  nickel silver alloys—A S T M  B584.

Copper Alloy 
UNS No.

Commercial
Designation Cu Sn Pb Zn Ni

Yield 
Strength 

Minimum, ksi

Tensile 
Strength 

Minimum, ksi

Elongation 
% in 2 in. 

Minimum, ksi

C97300 12 % leaded nickel 
silver (nickel bronze) 57 2 9 20 12 15 30 8

C97600 20% leaded nickel 
silver (nickel bronze) 64 4 4 8 20 17 40 10

C97800 25% leaded nickel 
silver (nickel bronze) 66 5 2 2 25 22 50 10

Table 13-3. Nominal chemical composition and minimum tensile properties o f  nickel-tin bronze 
and leaded nickel-tin bronze (ASTM  B584).

Minimum Mechanical Properties

Copper Alloy 
USN No.

Commercial
Designation Cu

Composition 
Sn Pb Zn Ni

Tensile
Strength

Yield
Strength

Elongation 
in 2 in.

C94700 Nickel-Tin Bronze Gr A 88 5 — 2 5 45 ksi 20 ksi 25

C94700 H.T. Age-hardened 75 ksi 50 ksi 5

C94800 Leaded Nickel-Tin 
Bronze Gr B 87 5 1 2 5 40 ksi 20 ksi 20

C94900 Leaded Nickel-Tin 
Bronze Gr C 80 5 5 5 5 38 ksi 15 ksi 15

Table 13-4. Nominal composition and properties o f  Monel castings. 19

Yie ld Tensile Brinell Im pact S trength

M aterial Cond ition Ni Cu Fe Mn Si C S Cr
Point,

1000 psi
S treng th , 
1000 psi

%  E longation 
in 2 in.

Hardness, 
3000 kg

Std. Izod 
ft-lb

Std. C harpy 
ft-lb

Monel as cast 63.00 32.00 1.50 0.75 1.60 0.15 0.015 _ 3 2 -4 0 6 5 -9 0 4 5 -2 5 125 -150 8 0 -6 5 70

" H ”  Monel as cast
age-hardened
annealed

63.00 31.00 2 .00 0.75 3 .00 0.10 0.015 6 0 -8 0
8 0-11 5

9 0 -11 5
110 -145

2 0 -1 0
4-1

175 -250
2 75 -3 50
2 25 -2 60

4 5 -3 5
9 -3

40
4

“ S "  Monel annealed 
and age- 
hardened

63.00 30.00 2.00 0.75 4.00 0.10 0.015 8 0 -11 5 1 10 -145 4-1 3 00 -3 75 5-1

properties. ASTM B584 covers two leaded nickel-tin 
bronze alloys and the nickel-tin age-hardenable type. 
The nominal chemical compositions and minimum ten­
sile properties are listed in Table 13-3.

Monel Metal
Commercial Monel castings usually fall into the follow­
ing composition range: nickel 62-65% , copper 29-32% , 
silicon 1.25-4%, iron 1.5-2.0% , manganese 0.5-1%  
and carbon 0.05-0.20% . Table 13-4 lists the nominal 
compositions and properties of Mortel castings; the 
most widely used alloy is specified in ASTM A494,17 
and additional d a ta  are given in A SM ’s M etals 
H andbook.10

Although Monel is a nickel-base alloy, to some extent 
it is an extension of the cupronickel series; since it is 
often melted in bronze foundries, it is included in this 
chapter. Silicon has a marked strengthening effect and 
alloys of up to 4% Si (S Monel) have excellent resistance 
to corrosion and galling, and are widely used for valve 
seats, trim, and sliding applications. The low-silicon 
alloys have lower strength and hardness, but better duc­
tility, and are used in a variety of corrosive media, par­
ticularly at higher temperatures.

The increasing availability of stainless steel and 
special alloyed iron castings is providing competition to 
Monel in some applications.
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Fig. 13-1. Influence o f  Si and Cb on strength o f  70/30 
cupronickel. Heats contain major elements within the 
percent range of: Cu 65.7-68.4; Ni 28.8-31.6; Mn 0.83-1.41; 
Fe 0.50-0.94 (except one with 1.07% designated by dot 
inside box); Cb 0.33-0.83.4

METALLURGY 

Cupronickel Alloys
Nickel forms a single-phase alpha solid solution with 
copper, at all proportions. The basic mechanical proper­
ties as well as the corrosion-resistance of copper are pro­
gressively improved as nickel content increases. The 
addition of alloying elements such as silicon, niobium, 
beryllium, and chromium are utilized for significant im­
provements in tensile properties in the 70/30 
cupronickel alloy. Additions of these alloying elements 
in proper amounts cause precipitation hardening. Slow 
cooling can cause precipitation of intermetallic com­
pounds (usually silicides) which will strengthen the alloy 
but reduce ductility. Fast cooling produces a relatively 
soft and ductile alloy. Subjecting the alloy in this condi­
tion to intermediate elevated temperatures for a given 
time will precipitate intermetallic compounds which 
create a strengthening effect (age hardening or precipi­
tation hardening).

E ffect o f  Silicon and Niobium  
on 70/30 Cupronickel
In the early production stages of the 70/30 cupronickel 
alloy,4 silicon was utilized to increase the strength. With 
over about 0.40% silicon, tensile properties of MIL- 
C-20159 could be met; however, visible weld cracks oc­

curred in the heat-affected zone of the base metal on the 
required weldability test, even without bending. Adding 
niobium obviated the detrimental effects o f the higher 
silicon, so that crack-free welds were obtained. Figure 
13-14 illustrates the influence of silicon and niobium on 
the tensile properties. The amount of silicon and nio­
bium required is dependent upon the strength-ductility 
level desired. Completely weldable castings can be pro­
duced if the niobium content is equal to or greater than 
the silicon content.

ASTM B369 and MIL-C-20159 limit the silicon to  a 
maximum of 0.50% and the niobium to a range of 0.50 
to 1.50%. It has been found that by keeping the silicon 
slightly above the mid-range (0.25-0.40%) and the 
niobium also about mid-range or slightly below 
(0.80-1.00%), an excellent combination of tensile prop­
erties and weldability can be obtained.9

Table 13-5 shows that if the silicon and niobium are 
on the low side of the specification, low yield strength 
may result. However, if the silicon and niobium are 
high, there will be a significant increase in yield strength 
but low elongation may result.11

While the niobium and silicon content have a m ajor 
effect on the tensile properties, cooling rate and test-bar 
type are critical also in this respect.

E ffect o f  Cooling Rate and Heat Treatment 
on Properties o f  70/30 Cupronickel 
As noted, the addition of silicon and niobium greatly in­
creases the strength of 70/30 cupronickel alloys by caus­
ing the precipitation of complex nickel-niobium-silicon 
compounds within the alpha matrix as the casting cools 
from the pouring temperature. The amount and size of 
the precipitate is a function of the composition and the 
time the casting spends in the critical temperature zone 
of about 1250-1050F (675-550C) during cooling. Thus, 
small castings which cool rapidly through this zone, or 
castings which are shaken out early, have little time to 
develop fully the precipitates; consequently, the tensile 
and yield strengths are lower than in larger, slowly 
cooled castings.

Similarly, castings which are oil-quenched from high 
temperatures show low strength and high ductility, but 
subsequent reheating to 1050-1250F (550-675C) causes 
precipitation, and consequent increase in strength and 
hardness. This is shown in Table 13-6.

The cooling rate effects discussed above explain the 
results given in Table 13-7, which show the influence of 
test-bar design and early shakeout. Clearly, slower cool­
ing gives higher strength and lower ductility.

The strength of small castings usually can be im­
proved by a so-called homogenization heat treatm ent.4 
(This involves heating to 1200F, holding for 1 hour at 
temperature, and furnace cooling to 500F.) The effect 
of this treatment is illustrated in Table 13-84 for 
separately cast test bars (small castings) as well as for
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Table 13-5. Effect o f  Si and Nb content on mechanical prop­
erties o f  specimens machined from  the modified keel blocks. 11

Melt
No.

Wt°/o
SI

Wt%
Nb

Si + Nb,
wt °/o

UTS,
ksi

YS,
ksl

El, %

10910* 0.10 0.70 0.80 58.0 29.2 33.6
1727* 0.12 0.95 1.07 54.1 20.4 44.8
1767 0.22 0.78 1.00 74.6 39.5 28.3
1778 0.22 0.79 1.01 78.8 45.5 26.1
1793 0.24 0.66 0.90 71.8 33.9 30.8
1800 0.27 0.70 0.97 77.3 41.2 29.9
1802 0.28 0.60 0.88 73.1 38.0 28.9
1787* 0.30 0.94 1.24 82.1 48.1 19.5
1790 0.30 0.69 0.99 77.4 42.1 26.1
1729 0.31 0.85 1.16 74.7 37.2 33.0
1764 0.31 0.82 1.13 79.3 44.1 25.8
1774 0.32 1.08 1.40 88.9 51.0 20.3
1788 0.32 0.75 1.07 79.4 43.7 24.4
1749 0.35 0.66 1.01 70.3 34.0 31.6
1762* 0.41 0.78 1.19 81.4 50.7 17.9
1746* 0.42 0.39 0.81 63.2 30.3 34.1
1756 0.42 1.27 1.69 83.6 45.5 23.0
1759 0.43 0.64 1.07 77.9 46.9 20.6
1738 0.44 0.72 1.16 70.5 37.0 32.9
1742 0.49 0.69 1.18 79.0 46.1 26.9
1734 0.50 0.47 0.97 68.6 35.6 28.5
1732 0.51 0.93 1.44 77.3 42.2 27.4
1753* 0.61 1.71 2.32 87.9 55.1 11.3

ASTM B369-72 60 mln 32 mln 20 mln
0.7 max 1.5 max

*Do not meet the ASTM B369-72 mechanical property requirement.

Fig. 13-2. 70/30 Cupronickel alloy. Location o f  test bars 
removed from  casting. Cleaned casting weight is 3950 
pounds. See Table 13-8 fo r  tensile properties o f  specimens.4

Table 13-6. Tensile properties and hardness o f  70/30 
cupronickel with various cooling and aging conditions. 9

Condition
Y.S. 

0.5% EUL
Tensile
Strength % Elong. BHN (3000 kg)

As-cast/mold cooled
ksl

55.0
ksl

90.5 16 179

Heat to 1600F-alr 
cooled, (simulates 
early shakeout) _ _ 114

Heat to 1600F-air 
quench (O.Q.) - - - 86/103 range 

of 4 samples

1600F-O.Q. + 
1050F A (1 hour) 42.0 78.0 19 133

1600F-O.Q. +
1100F A (1 hour) . 46.5 79.5 20 130

1600F-O.Q. + 
1.200F A (2 hours) — — — 1 148

1600F-O.Q. + 
1200F A (5 hours) — — — 159

1600F-O.Q. + 
1200F A (15 hours) — — — 185

ASTM B369 
(C96400 alloy 
minimum) 32.0 60.0 20

O.Q. = oil quench
A = aging temperature °F, furnace cooled to 500F after aging.

Chemistry

C Mn P S Nb Si Ni Cu Pb Fe

0.01 1.23 <0.005 0.01 1.33 0.48 29.40 66.8 0.005 0.7

those removed from a large casting. Figure 13-24 illus­
trates the type of casting and location of test bars. The 
casting shown in the figure weighed 3950 lbs 
(cleaned weight). The homogenization treatment did not

benefit the properties of the test bars cut from the 
casting because their cooling rate after heat treatment 
was little different from their original cooling rate as 
part of the large casting. Thus, no further precipitation 
of second phases such as Ni3Nb, Ni3Si, or N b2Ni3Si oc­
curred. Because of these self-age-hardening characteris­
tics, the drop-off in tensile strength due to mass is con­
siderably less for the niobium-modified 70/30 than for 
the tin bronze alloys.

90/10 Cupronickel
For 90/10 cupronickel, the basic metallurgy is the same 
as that of the 70/30 alloy, and the control o f silicon con­
tent is critical. As the silicon content increases, yield 
strength increases, while elongation and weldability 
decrease. Niobium improves the weldability o f the 
90/10 alloy just as it does with the 70/30 alloy, but it 
also can have a detrimental effect on ductility. Low 
silicon (in the range 0.10 to 0.15%) and niobium in the 
range of 0.50 to 0.70% produce an alloy with good 
weldability and meeting the ductility requirements of 
ASTM B369 and MIL-C-21059, Type II.

Beryllium-Modified 70/30 Cupronickel A lloy  
The addition of beryllium to cupronickel induces age- 
hardening effects due to the precipitation of copper- 
nickel-beryllium compounds. These act in the same way 
as the silicides precipitated in “ norm al”  cupronickel, 
but the strengthening effect is greater and a good level 
o f ductility is maintained. Two beryllium-modified 
70/30 alloys were developed which showed very attrac­
tive properties and foundry characteristics.7’8 However, 
environmental constraints and potential health hazards 
when dealing with beryllium have prevented these alloys 
from becoming popular.
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Table 13-7. Effect o f  test-bar type on tensile properties, vertica lly  cast 1 in. keel block vs. 1 in. fu ll Web-Webbert. 
Test-bar molds were made in dry oil sand.9 (See ASTM  B 208for test-bar design.)

Nb Si
Y.S. 

0.5% EUL
Tensile
Strength % Elong. BHN (3000kg)

ksi
W K

ksi
W K W K W K

0.64 0.23 29.3 32.5 67.8 70.5 37 33 116 133

0.65 0.23 27.0 33.0 67.5 74.0 34 30 105 132

0.78 0.27 31.3 37.3 71.8 ' 76.8 36 29 139 136

0.93 0.39 45.5 48.0* 83.8 84.0* 25 20* —

0.97 0.41 47.5** 50.3 85.1** 86.8 25 ** 20 177*' 177

All above test results were obtained on specimens cooled in the mold for two hours before shakeout.

Early shakeout tests on some of the above compositions:

*10-15 min. (shakeout) 37.0* 78.0* 30*

* * 10-15 min. (shakeout) " 38'.0* * 78.3** 36** 146**

W = 1 in . full Web-Webbert

K = 1 in. keel block

Table 13-8. Influence o f  homogenization (aging) heat treatment on tensile properties.*

Type of 
Test Bar*

0.5% Yield Strength 
ksi

Tensile Strength 
ksi Elongation % BHN (3000 Kg)

As-cast Homo As-cast Homo As-cast Homo As-cast Homo

Webbert 51 61.5 83.0 89.5 28 22.5 143 163

1 in. Y 55.5 61.0 83.5 87.0 24 20 163 167

3 in. Y Corner 49.5 61.5 78.0 87.5 26 21 149 167

Center 43.0 57.0 74.0 83.0 30 20 140 159

From casting, see Fig. 13-2

Location 1 46.5 46.5 75.5 78.0 19 19 156 156

Location 4 49.5 43.0 77.5 72.5 21 23 149 156

Location 5 46.0 45.5 76.0 73.5 17 15 152 149

* Ail separately cast test bars cast in dry sand molds.

= Homogenized (aged) at 1200F, 1 hour at temperature.
Furnace-cooled to 500F.

Chemistry
Cu Mn Fe Nb Si Ni C S P Pb Al Ti

68.3 0.99 0.55 0.41 0.57 30.15 0.01 0.003 0.02 0.016 0.005 0.05
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Chromium-Silicon M odified 70/30 Cupronickel A lloy  
Additions o f chromium from 1.4 to 2.0% , and silicon 
additions from 0.3 to 0.6% to the 70/30 cupronickel 
alloy produce an alloy having a yield strength of at least 
45,000 psi, coupled with good toughness and weldabili- 
ty. The as-cast tensile properties are relatively uniform 
over section size ranging from !4 in. to 4 in. thick. Zir­
conium in the range of 0.05 to  0.15% was found to be 
necessary for acceptable weld ability (which is impaired 
at higher levels o f chromium and silicon). The zir­
conium, together with 0.05% titanium , is utilized as a 
deoxidant prior to pouring. Figure 13-311 shows the ef­
fect of Si and Cr content on tensile properties. The 
cumulative effect o f increasing the (Si 4- Cr) results in 
increases in yield and tensile strength, but a reduction in 
elongation. This effect is similar to the cumulative effect 
of (Si + Nb).

Silicon strengthens the matrix by the formation of 
silicides, as with the “ norm al”  alloys. The effect o f 
chromium is more complex; in addition to forming 
silicides, it may also strengthen the matrix by spinodal 
decom position/ This type of strengthening occurs as 
the casting cools to room temperature. Since spinodal 
decomposition is insensitive to  cooling rates, it is this 
factor which gives the alloy remarkably uniform proper­
ties over a wide range o f section thicknesses. It also en­
sures that the properties of the weld metal and the heat- 
affected zone remain about the same as the base metal 
without the need for reheat-treatment.

The microstructure resembles the Nb-modified 70/30 
alloy in that both coring and vein-like, nickel-silicide

precipitate form in the copper-rich interdendritic 
regions. In addition, as shown in Figure 13-4, the Cr-Si 
hardened 70/30 alloy contains a fine Cr silicide 
precipitate in the interdendritic regions.

In addition to the good mechanical properties and 
unique retention of properties after welding, the alloy 
also has exceptional impingement-resistance to flowing 
seawater.3’11

Nickel Silvers—Leaded Nickel Brasses and Bronzes
Nickel silver alloys are strengthened by the nickel addi­
tion through solid-solution strengthening of an alpha 
matrix. They are not heat-treatable. Nickel is the most 
important element in developing whiteness in these 
alloys. Mechanical properties are also improved as the 
nickel content increases (Table 13-2). Zinc, in the 
presence of sufficient nickel, also exerts a definite 
though less effective influence on whiteness. Tin and 
lead content exert only a secondary effect. Tin helps to 
improve corrosion-resistance and castability, while in­
creasing hardness and strength. Lead is added to these 
alloys for improved pressure-tightness and machinabil- 
ity. Lead is insoluble in the copper-nickel-zinc matrix.

Tin and lead lower the melting point and promote 
fluidity. Zinc also lowers the melting point and tends to 
minimize gas porosity.

Nickel-Tin Bronzes
The simple 5% nickel, 5% tin bronze alloy C94700 
responds to age-hardening. A copper-nickel-tin com­
pound precipitates during slow cooling or upon aging at 
500-600F (260-316C), with or without prior solution

Si + Cr , w +%

Fig. 13-3. Cumulative effect o f  Si plus Cr on UTS, yield  
strength, and elongation o f  Cu-Ni casting alloys. 11

Fig. 13-4. Microstructure o f  70/30 Cu-Ni alloy containing 
0.26% Si and 1.4% Cr. Shows nickel-rich primary dendrites 
(white). Vein-like nickel silicides and particles o f  chromium 
silicide are precipitated in the interdendritic regions. 1 
Etched in alcoholic ferric chloride (x500).
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heat treatment. However, heat treatment does substan­
tially enhance the response to the aging treatment (Table 
13-3).

If contaminants such as silicon or aluminum are pres­
ent in very small amounts (say over 0 .01%), the alloy 
reacts very slowly, or not at all, to heat treatment. 
Therefore, these impurities must be critically controlled 
when heat treatment for improved strength is required. 
As little as 0.05% Pb retards response to age-hardening 
and renders the alloy very susceptible to hot cracking on 
quenching from the solution temperature 1400F (760C). 
If the alloy is to be used in the as-cast condition, the 
control of impurities is apparently no more critical than 
for the standard nickel-free tin bronze casting alloys.

The leaded varieties of the nickel-tin bronzes have a 
quite uniform distribution o f lead particles through the 
matrix, improving machinability as well as resistance to 
wear and galling. As noted above, these alloys are not 
heat-treatable.

Monel Metal
As noted earlier, copper-nickel alloys form a continuous 
alpha solid solution, regardless of the proportion of 
copper or nickel present. Hence, it is not surprising that 
the basic metallurgy and strengthening mechanisms are 
the same for 65 Ni/30 Cu Monel as they are for 70 
Cu/30 Ni cupronickel. Thus, silicon strengthens the 
matrix by the formation of silicide precipitates, whose 
volume increases with the silicon content of the alloy. 
Increasing copper reduces the silicon solubility in the 
matrix. This, in turn, increases the volume of silicide 
precipitates and, thus, increases the strength and hard­
ness of the alloy. Both of these effects are shown in 
Figure 13-5.

Manganese and magnesium are added as deoxidizers 
and desulphurizers. Both have little effect on strength, 
although manganese is said to improve the foundry 
characteristics. Iron is traditionally present in amounts 
of about 2% , and slightly increases strength by reducing 
silicon solubility. Iron may also have a beneficial effect 
on grain size and corrosion-resistance. Carbon is added 
to produce a carbon boil, which reduces the carbon con­
tent as will be explained in the next section. Carbon 
deliberately  or accidentally  re ta ined  affects the 
mechanical properties, increasing the strength and hard-

0 1 2  3 4 5
S ilicon, %

Fig. 13-5. Effect o f  copper and silicon on properties o f  cast 
M onel induction furnace heats. 18

ness and reducing the impact properties as shown in 
Table 13-9. For the normal 1.5% Si Monel, a carbon 
content in the range of 0.15-0.20% is usually preferred.

MELTING PRACTICE
The general foundry characteristics of the copper-nickel 
alloys are given in Table 13-10. Increasing nickel content 
increases the pouring temperature. Hence, for the high- 
nickel alloys, electric melting is desirable in order to 
keep the melting times short. The stirring action of in­
duction melting is also useful for ensuring that high-

Table 13-9. Effect o f  carbon content on the mechanical properties o f  28% copper, 1.25% silicon Monel metal.

% c 0.05 0.10 0.15 0.20 0.25 0.30

T.S. psi 62,000 70,000 78,000 80,000 89,000 82,000
Y.S. psi 25,000 30,000 32,000 35,000 38,000 38,000
El. % 35 40 40 39 38 35
Charpy 90 70 63 58 58 50
BHN 118 . 125 140 148 150 149

(Courtesy Victor T. Popp, Union Carbide Corp.)
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Table 13-10. Casting characteristics. 1

Alloy Designation

Cupronickel Alloys

70-30 (C96400)

Be Mod. 70-30 
(C96600)

CuNiSiBe 70-30

Cr-Si Mod. 70-30

90-10 (C96200)

Casting
Drossing Gassing Fluidity Shrinkage Yield

Medium

High

Low

High

High

High

High

High

High

High

High

High

High

High

High

High

Low

Low

Low

Low

Low

Effect of 
Section Size on 
Soundness and 
Mech. Properties

Small

Small

Small

Small

Small

Melting
Range

2140/2260 (120)

2010/2160(150) 

1940/2110 (170) 

2156/2246 (90) 

2010/2100 (90)

Nickel Silvers

12% leaded Ni alloy 
(C97300) High

20% leaded Ni alloy Medium
(C97600) _  _to High

25% leaded Ni alloy Medium
(C97800) to High

Medium High 

High
Medium 
to High

Medium 
to High High

Medium

Medium

Medium

Medium

Medium

Medium

Medium

Medium

Medium

1856/1904 (54) 

2027/2089 (62) 

2084/2156 (72)

Ni-Sn Bronzes

Ni-Sn Bronze Gr. A 
(C94700) Low

Pb-Ni-Sn Bronze Gr. B 
(C94800) Low

Medium Medium Medium

Medium Medium Medium

Medium

Medium

Medium

Medium

1660/1880 (220) 

1660/1880 (220)

melting-point components such as nickel and iron are 
completely dissolved and the alloy composition is 
homogeneous.

Leaded Nickel Brasses and Bronzes (Nickel 
Silvers) and Nickel-Tin Bronzes

The melting and pouring practices for nickel silvers and 
nickel-tin bronzes are similar to those for the corres­
ponding nickel-free brasses and bronzes (see Chapters 5, 
6, 9 and 10). Additional care is necessary due to the fact 
that nickel increases the hydrogen solubility (as do the 
higher melting and pouring temperatures required for 
these alloys). In addition, alloys containing about 10% 
or more nickel can dissolve carbon, which can generate 
gas porosity through the evolution of carbon monoxide 
if the alloys are not thoroughly deoxidized (also see 
Chapter 5 and Reference 6). For this reason, carbon- 
base melt covers are not used on high nickel alloys, and 
it is good practice to coat graphite crucibles, stirring 
rods, etc. with a refractory wash before use. The age- 
hardening nickel-tin bronzes are particularly sensitive to 
contamination by lead or silicon. Because of this, great 
care must be exercised in the choice of raw materials.

Monel, Cupronickel, and High-Ni Nickel Silvers

Again, the melting and pouring practices for these 
alloys are based on the principles outlined in Chapters 5 
and 6.

If the furnace charge is comprised o f pure copper and 
nickel it is common practice to melt under strongly oxi­
dizing conditions to reduce the hydrogen content, and 
then deoxidize (usually with silicon and manganese). 
Other alloying elements are then dissolved in the melt 
under a protective cover (not carbon), in order to limit 
gas absorption and prevent oxidation loss of valuable 
alloying elements.

In the case of Monel, a “ carbon boil”  may be in­
duced in the nickel (as in steel-melting practice) to 
achieve a low initial hydrogen content. In this practice, 
carbon is deliberately dissolved in the nickel and then 
the melt is oxidized (by lancing or adding nickel-oxide). 
This removes the carbon by forming carbon monoxide 
bubbles, which purge away the hydrogen as they rise 
through the melt.

Where it is required to remelt a substantial amount of 
scrap (the use of foundry revert should be limited to
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60%), the melt cannot be made to dissolve oxygen 
because of the high alloy content (silicon, zinc, niobium 
chromium, manganese, etc.) of the charge. All these 
elements have a strong affinity for oxygen. In this case, 
the metal is melted as rapidly as possible under mildly 
oxidizing conditions, with or without flux covers to 
limit hydrogen absorption, then thoroughly deoxidized 
to prevent any possibility of steam-reaction porosity. If 
the hydrogen content of the melt is very high, it may be 
necessary to flush the melt with inert gas, such as by 
nitrogen-lancing.

Induction melting is most commonly practiced, 
although arc furnaces have been used for the higher 
nickel alloys. In this case, carbon contamination is 
possible. To remove carbon, the melts may be blown 
with dry air or oxygen after melt-down, using nickel or 
iron tubes depending on the iron content of the melt.

Besides the effect of carbon as a gas former, hard car­
bide inclusions may occur with alloys containing 
chromium, niobium, titanium, etc. These have a 
disastrous effect on ductility and machinability and, 
hence, must be avoided. Borax fluxes are not used with 
Monel as the metal may pick up boron, which, if carbon 
is present, forms hard carbide inclusions with the 
deleterious effects noted above.

A typical induction melting practice for a Nb-Si 
modified 70/30 cupronickel is detailed below.

Induction Practice—Nb-Si M odified 70/309
1) Place electrolytic copper at the bottom of the fur­

nace and pack revert around it to create a high- 
density charge. Add nickel next.

2) During meltdown, add electrolytic manganese and 
silicon (Mn to 1..2% and Si to 0.25%).

3) When the charge is completely melted and the 
temperature reaches 1425-1455C (2600-2650F), 
pour a gas test coupon to note shrinkage 
characteristics (2 in. dia x 3 in. specimen in green 
sand mold).

4) If gas test shows proper shrinkage, pour sample 
for chemical analysis and determine C, Mn, Si, Ni, 
Nb, Pb, Fe, and S.

5) If the shrink test is unsatisfactory, add additional 
silicon and /o r magnesium, or flush the melt with 
nitrogen until a satisfactory shrink is observed.

6) Adjust Mn to 1.10%. Adjust Si to 0.32%. 
(Niobium alloy and silicon should be mixed 
together before adding.) Adjust Nb to 0.92% (use 
ferro-niobium or nickel-niobium, depending on Fe 
content).

7) Stick Mg (0.10%) should be plunged into bath 
before adding Si and Nb.

8) After the niobium an$ silicon are added, several 
minutes should be allowed for thorough mixing 
before the heat is tapped.

9) The tapping temperature depends on types and 
size o f castings to be poured. A typical pouring 
temperature range is 1370-1455C (2500-2650F).

Because nickel increases the melting point, there is a 
tendency to pour these alloys too hot. Therefore, some 
of the temperatures given in the references should be 
viewed with caution. Besides potentially increasing gas 
content, mold erosion, and mold reaction problems, a 
high pouring temperature increases the rate o f oxidation 
and volatilization of the alloying additions. Thus, with 
niobium or chromium alloys high in zinc, the increased 
oxide film thickness may counter the expected increase 
in fluidity from the high pouring temperature. For these 
(and many other) alloys, attention must be given to 
careful (non-turbulent flow) gating and running practice 
rather than to overheated metal.

DEOXIDATION PRACTICE
The nickel-tin alloys require an addition of 2 ounces of 
15% phosphor copper per 100 lbs of melt, just prior to 
pouring. An addition of cuprous oxide (up to 3 
ounces/100 lbs of melt) during melting is recommended 
when melting the age-hardening alloy. When this is 
practiced, the phosphor copper addition before pouring 
should be increased to 3 or 4 ounces/100 lbs of melt. 
This procedure enhances the properties of this alloy by 
reducing the dissolved hydrogen content of the melt.

The nickel silver alloys require the following deoxida­
tion practice for each 100 lbs of melt:

1) 5 oz of 70/30 copper manganese shot, added about 
3 minutes before pouring.

2) 1 oz of stick magnesium after treating with the 
manganese alloy.

3) 3 oz of 15% phosphor copper, just before pouring.

There are proprietary alloys available for deoxidizing 
and degassing purposes. These are usually all-purpose 
blends made up for a single alloy addition and provide 
less chance for error in this important phase of the 
melting procedure.

Deoxidation of 70/30 cupronickel has been described 
in the previous section on melting practice. The usual 
silicon addition of approximately 0.3% used to 
strengthen the alloy also acts effectively as a deoxidizer. 
This is also true for the manganese and magnesium ad­
ditions, which serve as effective desulfurizers as well, 
forming globular, high-melting-point sulfides as op­
posed to grain boundary films (typical of copper and 
nickel sulfides)—which have a disastrous effect on duc­
tility and strength. Desulfurization is an important con­
sideration when using these alloys, since sulfur can be 
picked up by the melt from fuels, refractories, or certain 
grades of copper used as charge material.

In Monel metal, boron present in the melt can form 
brittle carbides. For this reason, deoxidation with
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master alloys containing boron should be avoided. 
Deoxidation practices, in general, are similar to those 
for 70/30 cupronickel.

MOLDING 

Sands
Since nickel-containing alloys are poured over a 
temperature range from 2050-2850F (1121-1565C), 
they require good, refractory sands. Synthetic sands 
based on washed silica, bonded with either low-sulfur 
fire clay or low-sulfur bentonite, have been found to 
produce good quality castings. Olivine sand is increas­
ingly being used.

Shell molds and cores bonded with various resins 
have been used successfully with all the alloys.

The C 0 2-silicate process has been quite successful in 
small to very large molds for all of the alloys. However, 
some trouble has been encountered with C 0 2-silicate 
cores in the form of gas porosity from core moisture 
reaction gases.

Facings
Facings are not generally used with these alloys, nor are 
they recommended since most have a tendency to reduce 
permeability. Facings of chill-type materials (zircon, 
chill shot, etc.) have been used successfully in helping to 
control directional solidification in heavy-section 
castings.

Certain organic and inorganic nobake sand binders 
can be utilized for casting production with these alloys 
as discussed in Chapter 3.

GATING
As pouring temperatures for this family of alloys are 
higher than usual, factors in the gating system which 
will minimize sand wash, mold erosion, and burn-on are 
more critical than they are for casting lower-melting 
point alloys. Thus, sharp edges, loose ramming, and 
sharp bends in the gating system should be avoided, and 
low metal velocities should be maintained through the 
use of properly proportioned sprue, runner and gate 
systems.

The cupronickel and Monel families are often pro­
duced to very stringent quality control standards, re­
quiring radiography, and liquid penetrant inspection, 
etc. Thus, gating systems for these alloys must reduce 
turbulence, eliminate air aspiration and oxide inclu­
sions, and assist in achieving directional solidification 
from the risers. This becomes even more critical where 
such castings must be welded, as inclusions and porosity 
seriously impair weldability.

Nickel-Tin Bronzes
Nickel-tin bronze alloys respond to the gating systems 
used with red brasses and tin bronzes and are not critical 
with regard to gating practice. Knife, kiss, pressurized

and non-pressurized gating systems are all used, 
depending on the design and size of the casting.

Leaded Nickel Silvers
Alloy C97300, with 12% Ni and 20% Zn, has a relative­
ly low melting point and a fairly high potential for oxi­
dation due to the high zinc content (which is volatile and 
readily oxidized). Hence, non-turbulent, non-pressur- 
ized systems are recommended, similar to those used for 
yellow brass and manganese bronze.

The C97600, 20% Ni silver and C97800, 25% Ni 
silver contain 8 and 2% Zn, respectively. Hence, these 
alloys have a higher melting point and a lower oxidation 
potential, although there is increasing volatilization of 
zinc as the pouring temperature increases. The gating 
systems are not so critical as for C97300; nevertheless, 
non-pressurized systems are recommended.

Cupronickel
The silicon content of cupronickels tends to act like 
phosphorus in forming a fluid slag; thus, the alloys are 
not particularly susceptible to oxide inclusion problems. 
There may be slag inclusions, however, with poor gating 
practice. As the niobium content increases, or with the 
beryllium-containing alloys, oxidation becomes more of 
a problem and gating practice should be similar to that 
used for aluminum bronze.

This is also true for the chromium-containing alloys, 
which dross readily at the high pouring temperatures. 
Besides careful gating practice involving non-pressur­
ized, non-turbulent systems, it is desirable to use the 
lowest possible pouring temperature. This may require 
the use of a relatively large number of gates in order to 
avoid misruns. This approach is preferable to increasing 
the casting temperature, which only causes more dross 
formation.

Monels
Monel alloys have the highest casting temperature 
(2650-2800F, 1455-1540C) and, hence, require the 
greatest care in terms of mold erosion. With these 
alloys, the greatest variable is the silicon content (Table
13-4); the high-silicon alloys are “ self-slagging” and are 
not particularly prone to oxide inclusions. However, 
because of the high pouring temperature, non-pressur­
ized, non-turbulent systems are recommended, par­
ticularly for larger castings.

RISERING 

Nickel-Tin Bronzes and Nickel Silvers
The nickel-tin bronze and nickel silver alloys have a 
relatively long freezing range, about 260F (145C), which 
tends to increase slightly as the tin and nickel contents 
increase and to diminish as the zinc content increases. 
These alloys, therefore, are prone to interdendritic 
microshrinkage and are difficult to feed. Risering 
techniques are similar to those used for leaded red brass, 
and extensive chilling is required to establish steep ther-
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mal gradients where maximum soundness is required. 
Figure 13-6 shows a typical rigging.

Cupronickels and Monels
While the cupronickel and Monel alloys are classified as 
having a narrow solidification range, the literature in­
dicates th a t some researchers811 have found the 
cupronickels to be intermediate when compared to 
narrow-freezing-range alloys such as aluminum bronzes 
(6-30F, 3-16C) and manganese bronzes (30-75F, 
16-46C). For example, the solidification range of 
CuNiSiBe is reported to be 170F (96C). Therefore, the 
cupronickel alloys exhibit two types of shrinkage, which 
are normally referred to as the “ piping” type and inter- 
dendritic microshrinkage porosity. Both of these are 
illustrated in Fig. 13-7.

The “ piping” type of shrinkage is associated with the 
narrow-freezing alloys; interdendritic shrinkage poros­
ity is associated with wide-freezing-range (mushy) 
alloys.

The cupronickel and Monel alloys require special 
risering and chilling lecRniques to achieve the direc­
tional solidification pattern so important to the produc­
tion of high-quality castings. Adequate riser height and 
insulating or exothermic riser sleeves are needed to en­
sure that the riser pipe does not extend into the casting; 
strongly directional chilling toward the risers establishes 
the steep thermal gradients necessary to eliminate 
microshrinkage. Figure 13-8 is an example of a suc-

Fig. 13-6. M ethod o f  gating small gears and similar castings.

cessful practice. The Monel alloys, having a narrower 
freezing range (50F, or 30C), are somewhat easier to 
feed.

Table 13-10, cited previously, illustrates the general 
foundry characteristics of the cupronickel alloys and 
should be referred to regarding gating and risering re­
quirements.

CASTING DEFECTS
The alloys discussed here may be subject to any or all of 
the casting defects described in Chapter 15. However, 
because of the particular characteristics of these alloys, 
special care is needed in the following areas.

Fig. 13-7. Illustrated are two types o f  shrinkage 
characteristics o f  the cupronickel alloys: piping and 
interdendritic.

SPRUE

Fig. 13-8. M ethod o f  gating and risering disk castings. Note 
the use o f  chills to prom ote directional solidification.
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Nickel increases the hydrogen solubility in all alloys 
and, when coupled with a higher pouring temperature, 
gives rise to gas porosity defects unless special attention 
is paid to melting, deoxidation, degassing procedures, 
pouring temperature, and mold conditions such as 
moisture content, permeability and venting. Dissolved 
carbon can be an additional source of gas porosity in the 
high-nickel alloys by forming carbon monoxide bub­
bles.

The high pouring temperatures for Monel—about 
2700F (1480C)—generate sand defects such as wash, 
scab, buckle and metal-mold reaction defects.

The high-nickel alloys are sensitive to certain impur­
ities which may cause hot-cracking or tearing in the 
molds unless there is adequate collapsibility.

The chromium-containing cupronickels are prone to 
oxide inclusions and require carefully designed pouring 
systems.

FINISHING
The nickel-containing, alloys produce good dense struc­
tures when properly handled, and attain a high finish by 
grinding and polishing.

All o f these alloys can be readily machined, with the 
exception of the high-silicon Monel which may require a 
p rio r anneal. The leaded  alloys have excellent 
machinability and hence can be used for very intricate 
parts.

WELDING
The weldability of a material is a relative term. Many 
metals are readily weldable by a variety of methods. 
Others are weldable only by the use of special tech­
niques. Within the recommended chemistry ranges, the 
cupronickel alloys are freely weldable by all methods. 
These alloys may be welded by shielded metallic arc 
(SMA), gas metal arc (GMA) or gas tungsten arc (GTA) 
methods. The shielded-arc metal process is most often 
used, mainly due to the more convenient interpass 
temperature control and the ready availability of 
suitable filler metal. AWS Class 5.6 ECuNi filler metals 
are available for welding these alloys.

Effect of Composition
While the cupronickels are considered to be easily 
weldable, close control of the basic elements (especially 
the silicon content) is necessary to prevent heat- 
affeeted-zone cracking. In the niobium-modified 70/30 
cupronickel, weldability is improved and strength in­
creased for any given silicon content by the additions of 
niobium. It is desirable to restrict the silicon level to 
about 0.40% maximum, with niobium over 0.50% (in 
the range of about 0.75% to 1.00%), for the necessary 
combination of strength with weldability.

The weld metal deposit of AWS A5.6 (ECuNi) does 
not produce strength levels that meet the minimum 
specification requirements of the cast 70/30 cupronickel 
specification ASTM B369 (copper alloy C96400). All­
weld metal deposit tensile properties are shown in Table
13-11. It is clear that use of such materials for 
“ through-section” welds reduces the strength in these 
sections, and such welds should be made only with due 
regard for this feature. The low strength and high duc­
tility of the weld metal is due to the low silicon content 
(0.16%).

In the niobium-modified 90/10 cupronickel alloy, in­
creases in both silicon and niobium decrease the ductili­
ty. Substandard ductility and weldability will occur if 
these two elements are on the high side of the specifica­
tions. Silicon in the range of 0.10 to 0.15%, and 
niobium in the range of 0.30 to 0.40% (silicon plus 
niobium in the range o f 0.40 to 0.60%), will produce an 
alloy that will meet all the tensile requirements and 
weldability tests. Filler metal to AWS Class A5.6 ECuNi 
will produce properties approximately equivalent to the 
90/10 composition, but with a poor color match.

In the chromium-modified 70/30 alloy, it is desirable 
to limit the silicon content between 0.30 to 0.50% to 
enhance weldability. Filler metals have been developed 
to produce tensile and yield strengths which equal or ex­
ceed those of the parent casting, and these welds have 
been successfully bend-tested in accordance with the 
ASTM B369.

Table 13-11. All-weld metal deposit tensile properties (AWS A 5.6 ECuNi).

Condition

As-welded

Y.S. 
0.5% Offset, 

ksi

25.5

Tensile
Strength

ksi

51.5

Elong. % 
in 2 in.

49.0

BHN

85.5

Cu Ni Mn Si

Chemical Analysis of Weld Deposit 

Fe Pb Si AI Cr Ti Cb

66.94 Bal. 0.81 0.01 0.57 0.007 0.16 0.0006 0.003 0.044 0.05 0.009
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Fig. 13-9. Cast block fo r  weldability test

In the beryllium-modified 70/30 cupronickel alloy, 
sound welds with no post-heat treatment have at least 
70% of the strength of the heat-treated base metal. This 
has been done with matching filler-metal chemistry, 
utilizing the tungsten-inert-gas (TIG) method. With 
post-heat treatment on unmachined castings, the weld 
hardness is virtually equal to that of the base metal.

Of the cast Monels, only the lowest silicon alloy is 
readily weldable, and niobium may be added to improve 
weldability as with cupronickel. Electrodes of the same 
composition are used, and impurities must be limited to 
avoid cracking.

Effect of Impurities
The presence of certain impurities can cause serious 
degradation of the welding characteristics of the 
cupronickel and Monel alloys. The amount of the im­
purity present can be quite small, in fact, often too 
small to be readily detected or measured by conven­
tional chemical analytical m ethods. Consequently, 
standard industry chemical specifications alone are not 
adequate to  ensure weldability. T herefore, some 
specifications (ASTM B369 and MIL-C-20159) require 
test plates to be cast from every heat, and weldability 
tests performed. The type of test utilized for these two 
specifications is shown in Fig. 13-9. The test re­
quirements are for the groove to be welded, a bend bar 
removed, bent 180°, and examined for heat-affected- 
zone (HAZ) cracks. No HAZ cracks over 1/8 in. long 
are permitted on the convex surface. Variations in HAZ 
cracking-susceptibility of m etal13 from different heats is 
due mainly to low-melting-point constituents which 
segregate along grain boiindaries during solidification 
of the casting. During welding, these low-melting con-

‘—Side Bend Specimen 
3 /8 " X  r ' X 6 "

Weldability Test Block

(left), and weldability test block (right).'6

stituents remelt and remain liquid while the weld metal 
shrinks. The HAZ grains, with weak liquid films be­
tween them, shrink later and separate, thus forming 
cracks. Of the common impurities, lead, sulfur, and 
phosphorus are p robab ly  the m ost detrim ental. 
Weldability test requirements may not be attained if the 
lead content exceeds 0.01%. Bismuth, selenium, an­
timony, boron, and possibly certain other elements may 
also contribute to poor weldability.

Interpass-temperature control is also important and 
should not exceed about 250F (120C). Peening the base 
metal before deposition of weld passes, depositing weld 
metal in small passes, and peening all passes of the first 
two layers of weld metal soon after deposition will 
lessen or eliminate HAZ cracking. Preheat treatment is 
not recommended, as it is more apt to be harmful than 
helpful with these alloys. All welding materials and ex­
cavations should be clean and dry before welding.

While the literature2 covers a considerable amount of 
experimental work on the welding of the cupronickels, 
there are no industry standards except those required by 
ASTM and military specifications. The nickel and 
nickel-tin bronzes are not amendable to welding.

HEAT TREATMENT
The lead-free nickel-tin bronzes can be heat-treated by 
solution-treating for five hours at 1400F (760C), fol­
lowed by oil- or water-quenching. This is followed by an 
aging treatment of 5 hours at 600F (316C) and air cool­
ing. The combination of solution treatment, quenching, 
and aging provides maximum mechanical properties.

All of the nickel-tin alloys, including the leaded com­
positions, respond to a temper or aging treatment of 5



hours at a maximum of 575F (302C) applied in the as- 
cast condition; both strength and hardness are enhanced 
considerably by this. The leaded alloys should not be 
solution-treated and quenched, as they are likely to 
crack on quenching.

The silicon- or silicon-niobium -bearing 70/30 
cupronickels respond to heat treatm ent. However, most 
foundries prefer to attain hardness and strength through 
alloy composition control rather than incur the extra ex­
pense of heat treatment.

The beryllium-modified 70/30 cupronickel is age- 
hardenable, as discussed earlier under the metallurgy 
section.

The chromium-silicon modified 70/30 cupronickel 
alloy will respond to aging, and the properties ob­
tainable with a Cu-30% Ni-0.46% Si-1.73% Cr alloy are 
illustrated in Fig. 13-10.11 If the castings are not to be 
heat-treated, they should be allowed to  cool in the 
molds for 1-2 hours to ensure that the temperature has 
dropped below 932F (500C) before the castings are 
shaken out. This procedure will develop optimum prop­
erties, as maximum strength is achieved with the slowest 
cooling (spinodal hardening coupled with silicide 
precipitation).

The high-silicon Monels can be softened by annealing 
for 1 hour at 1600F (870C), air cooling to 1200F (650C), 
and then quenching to suppress the precipitation of 
silicides. Rapidly cooled material can be hardened by 
aging at 1100F (590C) for 4 to 6 hours, followed by air- 
or furnace-cooling.

EFFECT OF IMPURITIES
The effect o f  impurities on specific properties of each 
alloy has been discussed. W hat is considered a tram p 
element or impurity in one alloy may be beneficial in 
another. For example, lead is detrimental to the 
weldability and m echanical properties o f the 
cupronickel alloys and, in small amounts, will decrease 
the age-hardening characteristics and cause quench- 
cracking of the nickel-tin bronzes. Lead is added in 
alloying quantities, however, to the nickel silver alloys 
for improved machinability and soundness. Other im­
purities that are detrimental to the cupronickel alloys 
which should be kept at low levels are carbon, sulfur, 
phosphorus, selenium, tellurium, boron and bismuth. 
When these elements are present singly or combined in 
very small amounts they can cause weld-cracking prob­
lems.

The nickel silvers deoxidized with the proper amounts 
of manganese, magnesium, or phosphorus offer few 
problems in obtaining high-quality castings. However, 
manganese above 0.50% has been found to cause black 
inclusions on the cope surfaces of castings.

Silicon, in specified amounts, is necessary to control 
the mechanical properties of the Monel and cupronickel 
alloys, but is a harmful impurity in most of the other

AGEING TEM PER ATU RE , ° C

Fig. 13-10. Effect o f  aging temperature on UTS and 
hardness o f  1.6 mm thick Cu 30%, Ni 0.46%, Si 1.73% Cr 
(water-quenched after 1 hour at 975C).1'

nickel-bearing copper-base alloys—especially those con­
taining lead.

The influence of the various elements, whether in 
alloying quantities or as impurities, must be known and 
controlled to achieve consistent production of high- 
quality castings.

PROPERTIES AND APPLICATIONS
The corrosion/erosion resistance of the alloys has been 
well established by tests in a number of media, ranging 
from fresh water through various petrochemicals. 
Seawater corrosion-resistance data have been deter­
mined over a number of years for the alloys, and their 
usefulness in marine applications, petroleum refineries, 
and seaboard power stations is well defined. The nickel- 
tin alloys are known for their freedom from dezincifica- 
tion in chlorinated and softened fresh water systems. 
The nickel silvers are noted for their corrosion- 
resistance, good finish, and ability to hold fine detail in 
ornamental castings. They are frequently used with 
wrought metal forms in the construction of machinery, 
architectural trim, and hardware.

The cupronickel alloys are found to be quite useful at 
cryogenic temperatures (-423F, -253C), since they in­
crease in both strength and toughness as the 
temperature is lowered. Their excellent behavior in 
resisting the corrosive/erosive effects of seawater has 
placed these castings in demand for use on shipboard, 
power plants in coastal areas, and in air-conditioning 
and saline-water conversion installations. The useful 
degree of wear-resistance possessed by the cupronickels 
is becoming better appreciated as more applications are 
tested.

The Monels extend the strength, corrosion- and wear- 
resistance, and service tem perature range o f the 
cupronickel applications.

184



BIBLIOGRAPHY

1. D. Calbert. “ High Strength Cast Cupronickels.” The British 
Foundryman (Jan. 1979):1-10.

2. J. L. Dion, J. O. Edwards, and W. P. Campbell. “ Critical 
Review of the Casting and Welding of High-Strength Cast 
Cupronickels.” AFS Transactions (1977): 143-150.

3. F. J. Ansarini and F. A. Badia. “ Development of a Chromium- 
Silicon Hardened Cast Copper-Nickel.” APIS Transactions 
(1970): 165-168.

4. B. F. Shepherd. “ Cast 70/30 Cupronickel Inherent Properties.” 
AFS Transactions (1960):234.

5. D. W. Townsend. “ Precipitation Hardened Copper— 10% Nickel 
Alloys,” AFS Transactions (1971):145-156.

6. M. Renato, L. Andres, G. Douglas, and R. Flinn. “ Solubility 
Relations in Liquid Copper-Nickel, Carbon-Oxygen Alloys.” 
AFS Transactions ( 1976):641 -646.

7. R. S. French and J. K. Evans. “A 70-30 Copper-Nickel Casting 
Alloy Containing Beryllium.” Modern Casting 50 (Aug. 
1966): 60-63.

8. D. R. Askeland, P. K. Trojan, R. A. Flinn, and M. L. Foster. 
“Evaluation o f the Castability o f Cu-Ni-Si-Be Alloys.” AFS 
Transactions 78 (1970):220-228.

9. R. B. Fischer. Internal Reports, Ingersoll-Rand Company.

10. B. E. Tibbetts. Wollaston Alloys, Inc., Private communications.

11. M. Sahoo, K. C. Wang, and J. O. Edwards. “Foundry 
Characteristics and Mechanical Properties of Both Nb-Modified 
and Cr-Modified High Strength 70/30 Cu-Ni Alloys.” AFS 
Transactions (1979):529-536.

12. M. Sahoo and J. O. Edwards. “ Gating and Risering of Medium 
Size Commercial Castings o f High Strength Cupronickel 
(IN-768).” AFS Transactions (1979):519-528.

13. A. G. Hogaboom. “ The Welding of Nickel Base and High Alloy 
Nickel Bearing Castings.” Steel Foundry Facts 321 (Jan. 1978)

14. Copper Development Association, Inc. Standards H andbook— 
Cast Copper and Copper A lloy Products Part 7— “ Alloy Data 
Revised.” 1978.

15. D. G. Buchanan, J. J. Belli, and T. L. Stevens. “ Gating Concepts 
at Wollaston Alloys.” Steel Foundry Facts 333 (Jan. 1980)

16. “ Copper-Nickel Alloy Castings.” ASTM B369-78.

17. “ Nickel and Nickel Alloy Castings.” ASTM A494-79.

18. J. T. Eash and T. E. Kihlgren. “ Effect of Composition on Prop­
erties and Structure o f Cast Monel.” AFS Transactions 57 
(1949):535-545.

19. J. S. Vanick. “ Nickel-Base Nonferrous Castings.” Foundry 80 
(April 1952):94-97, 257-258, 260-261.

20. American Society for Metals. Metals Handbook. 8th Edition, vol 
1, “ Properties and Selection of Metals.” 1961.

185





Chapter 14

HIGH-CONDUCTIVITY COPPER 
AND HIGH-COPPER ALLOYS

INTRODUCTION
Cast commercially, pure copper and high-copper alloys 
have been used for many years in applications requiring 
high electrical and thermal conductivity, such as 
resistance welding electrodes, structural elements carry­
ing electrical current, blast furnace tuyeres, and cooler 
plates. In the past, most nonferrous foundries were not 
familiar with or had little experience with these alloys, 
because great skill was required to produce the castings 
made from them and there was limited demand for them 
in comparison with other copper-base alloys. However, 
the advent of the age o f energy conservation has in­
creased the demand for components with the highest 
possible electrical andThermal conductivity. To satisfy 
this need, most nonferrous foundries have made signifi­
cant progress in casting techniques and have instituted 
reliable quality-control programs.

Much of the difficulty in producing pure copper 
castings has been caused by unsoundness due to gas

porosity, as well as the effect of very small percentages 
of tram p elements entering into solid solution with cop­
per and reducing its electrical conductivity. In order to 
obtain maximum electrical conductivity, pure copper 
must be relatively free from impurities. Figure 14-1 
shows how impurities reduce electrical conductivity.

Pure copper, because o f its inherent softness, is 
limited to  applications which do not require high 
strength or hardness. Several copper alloys, particularly 
those containing beryllium and chromium, are available 
for use in applications where high electrical conductivi­
ty, high strength, and high temperature properties are 
desired. However, addition o f these constituents to the 
copper will somewhat reduce conductivity, and the 
alloys must be heat treated to  develop optimum strength 
and electrical properties.

Cast coppers, as listed in the appropriate ASTM stan­
dards, contain a minimum of 99.70*% copper, plus

Fig. 14-1. The effect on electrical conductivity o f  small percentages o f  elements entering into solid solution with copper.
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silver. Those defined as “ high-copper alloys” may con­
tain as little as 94.2% copper in combination with 
specified elements, such as 2% beryllium, 1% cobalt, 
etc.

FUNDAMENTAL METALLURGY
The strength and high-conductivity of high-copper 
alloys is due to  the fact that elements such as beryllium, 
chromium, and cobalt can be taken into solution in the 
alloys at high temperatures and will precipitate on cool­
ing from the casting temperature or in separate heat 
treatments. This precipitation greatly increases the 
strength of the alloy through precipitation-hardening or 
age-hardening. The fact that the alloying elements are 
no longer in solution allows the copper matrix to ap­
proach the conductivity of pure copper.

In the “ classical”  binary alloys, chromium pre­
cipitates as blue-gray particles o f almost pure 
chromium, whereas beryllium precipitates as very small 
particles o f a copper-beryllium compound. Commercial 
alloys often contain additional elements such as cobalt, 
nickel, and silicon, sojthat the precipitated compounds 
are complexes o f these elements also. Because of the 
potential health hazard of beryllium, new alloys such as 
those based on copper, nickel, and tin, are being 
developed as supplements to beryllium copper. As yet, 
these are not widely used as casting alloys; since they 
consist of much more than 5% alloying elements, they 
will not be treated in this chapter.

All of the above alloys can be heat treated. This in­
volves solution heat-treating (heating to a temperature 
high enough to dissolve the beryllium or chromium in 
the alpha phase), followed by immediate quenching to 
preserve the alloy as a supersaturated, alpha solid solu­
tion. Subsequent heating, or aging, at a lower temper­
ature will cause precipitation o f the unstable phase, ac­
companied by a marked increase in mechanical strength 
and electrical conductivity.

Molding

Sand. Sands which are suitable for other brass and 
bronze alloys may be used in casting copper and high- 
copper alloys. Moisture content is important and should 
be closely controlled to prevent formation of rough sur­
faces and gas cavities. Synthetic sands may be used in 
casting copper and high-copper alloys, provided that the 
proper equipment is available to assure thorough condi­
tioning of the sand mixture and to maintain control of 
sand properties.

Facings. Facings are seldom required in casting cop­
per or chromium- and beryllium-copper alloys, since a 
relatively good finish can be obtained from a molding 
sand of 100 to 150 AFS gfn. However, a graphite wash 
may be used on the runner and gate areas of large cop­
per and chromium copper castings to prevent burn-in, 
which can occur because o f the high pouring tempera­

tures and the large volume of metal which passes 
through these sections of the molds.

Cores. High-conductivity copper is notorious for 
cracking either at hot spots on freezing (hot tearing), or 
while cooling in the mold (hot cracking). It is essential, 
therefore, that both molds and cores be formulated and 
rammed with this in mind. Use of a silica sand bonded 
with a good grade of phenolic resin or oil is suggested 
for copper and chromium copper alloys. Oil-bonded 
cores are recommended for the beryllium copper alloys. 
All cores should be thoroughly baked and free from gas- 
forming materials. Cores should be well-vented. 
Coating with a suitable core wash will reduce burn-in 
and will help minimize gas formation at the core/metal 
interface.

C 0 2 silicate-bonded cores are not recommended in 
certain copper castings because the increased hardness 
and decreased collapsibility o f these cores may produce 
hot tears in the castings as indicated above. However, 
they may be used satisfactorily in some applications 
where the cored area is small in comparison to the sur­
rounding mass of metal. Core knockout may be im­
proved through the addition of one of the various com­
mercial additives which increase collapsibility of the 
cores. Furan binders have also been used successfully 
with pure copper.

MELTING AND POURING 

Equipment
Either induction or fuel-fired crucible furnaces may be 
used in melting copper and high-copper alloys. Induc­
tion melting is preferred, particularly for the chromium 
and beryllium alloys, since the fast melting rate pro­
vided by this equipment minimizes alloy losses and per­
mits close control of metal quality. Satisfactory results 
can also be obtained from gas- or oil-fired crucible fur­
naces if absorption of combustion products is mini­
mized.

Silicon carbide crucibles are recommended for the 
higher-melting-point copper and chromium copper 
alloys, but clay-graphite crucibles can be used for the 
beryllium copper alloys. When melting beryllium cop­
per in silicon carbide crucibles, it is recommended that a 
wash heat be melted in each new silicon carbide crucible 
and that the metal be pigged or poured into a noncritical 
casting.

Fluxing and Deoxidizing
Fluxes or slag covers are generally unnecessary when 
melting copper and beryllium copper alloys. In melting 
copper, a layer of dry charcoal or granular graphite may 
be used to cover the molten metal, and it should be 
placed on top of the furnace so that it heats up with the 
metal.

In melting chromium copper, a flux cover is recom­
mended to minimize oxidation of chromium. A thin 
cover of lead-free glass or a liquid salt cover consisting
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of two parts sodium fluoride to one part calcium 
fluoride will provide satisfactory protection. Sparing 
use of fluxes is advisable, since these materials can harm 
the crucibles.

Because beryllium and chromium are strong deox­
idizers, no deoxidation treatment is required for these 
alloys. However, deoxidation is required in melting pure 
copper, and this will be discussed later.

Melting Practice

High-Conductivity Copper
In the recommended melting practice for high- 
conductivity copper, a high oxygen content is deliber­
ately induced into the melt to limit the pickup of 
hydrogen and to oxidize impurities which may be 
deleterious to conductivity. The melt is then deoxidized, 
and only enough excess deoxidant is left to prevent 
steam reaction from oxygen picked up during the pour. 
(A detailed explanation of this process is given in 
Chapter 5.) The oxygen content depends not only on the 
melting conditions, but also on the charge material 
used. - —

Electrolytic or fire-refined, tough-pitch copper is the 
standard commercial copper ingot. It already contains 
0.03% oxygen (as does most wrought electrical copper 
scrap, e.g., wire, bus bar, connectors, etc.); therefore, it 
needs some, but relatively little, deoxidation. Cut 
cathode squares (an alternative virgin raw material) con­
tain no oxygen; however, since they may contain con­
siderable hydrogen, strong oxidation is needed to 
remove the hydrogen. In-process scrap should contain 
neither oxygen nor hydrogen but should contain 
residual deoxidant in amounts depending on the effi­
ciency of deoxidation control in the foundry. Return 
scrap is oxidized at least back to zero residual deoxidant 
to maintain control over the process and prevent pro­
gressive build-up of deoxidant to levels which affect 
conductivity.

In casting high-conductivity copper, furnace charges 
should consist of electrolytic or fire-refined copper in­
got, plus some gates, risers, and other foundry scrap. 
All charged material should be clean and dry and of 
known quality. To prevent contamination, the material 
should be charged into a new crucible, which has been 
set aside for the specific purpose of melting pure copper. 
If fuel-fired furnaces are employed, a slightly oxidizing 
flame is used to heat the metal as rapidly as possible to 
2200-2250F (1200-1230C). During melting, a 1 to 1 ^  
in. layer of flake graphite should cover the copper. 
When using a coreless electric induction furnace, the 
meniscus effect at full power may cause the graphite 
cover to slide to the edge; therefore, it may be necessary 
to reduce the power input in order to keep this from oc­
curring. After the molten copper has reached 2300F 
(1200C), the furnace should be turned off and a 
graphite rod should be used to skim back the carbon 
cover. If the carbon cover remains separated and the

metal is still, the copper is properly deoxidized. If the 
carbon cover tends to spread back over the surface and 
the metal surface appears agitated, the copper is not ful­
ly deoxidized and must be held for a longer period under 
the carbon cover, which is an effective but relatively 
slow deoxidant.

An alternative test is to preheat a carbon rod by 
pushing it into the melt and to watch the melt surface 
for gas bubbles. The initial bubbles result from air 
which was absorbed by the rod; however, once these 
have been driven off (1 min), further bubbles may be 
caused by dissolved oxygen in the melt reacting with the 
carbon of the rod to form carbon monoxide, and this in­
dicates that the melt is incompletely deoxidized. If no 
bubbles are observed, then the oxygen content of the 
melt is zero (less than 0.01%), and the correct amount 
of deoxidant can be calculated and added to  give the 
desired residual deoxidant.1

At this point, the copper must be deoxidized by 
plunging calcium boride, or one of the various deox­
idants available commercially in tube or capsule form, 
to the bottom  of the melt. In a tilting furnace, the deoxi­
dant can be placed in the bottom  of the transfer crucible 
and the metal poured on top of it. Regardless o f the type 
o f deoxidant used, only enough should be added to en­
sure complete deoxidation of the metal, with a slight ex­
cess provided to protect the metal during pouring. Ex­
cessive deoxidation should be avoided, since residual 
deoxidant will result in low electrical conductivity in the 
finished castings.

A relatively simple procedure for evaluating the 
degree of deoxidation consists of pouring a 3-in. dia x 
3-in. deep test plug. A shrinkage cavity indicates that 
the metal is thoroughly deoxidized and ready to pour. A 
puffed-out riser indicates that deoxidation is incomplete 
and that more deoxidant is needed.13 Since molten cop­
per oxidizes very rapidly, care and promptness in pour­
ing the test plug are im portant in order to obtain a truly 
representative sample by normal dipping. Otherwise, 
the metal poured in the shrink test may not have the 
same oxygen content as the bulk metal in the crucible. It 
is likewise necessary to cover the risers (and the top of 
the shrink bar) immediately after pouring with material 
which will both insulate (to promote feeding) and 
generate a reducing atmosphere (to prevent oxygen 
pickup). Yermiculite-graphite mixtures have been used 
for this purpose.1

As shown in Fig. 14-1, common impurities such as 
phosphorus, silicon, and iron have a disastrous effect 
on conductivity. These are oxidized from the melt to 
form slags during the oxidizing melting cycle. If a high 
level of contamination in the charge is suspected, such 
slag should be removed before the carbon cover is added 
since the carbon can reduce these elements from the slag 
and cause them to go back into solution in the copper. 
The best practice is to use only contaminant-free raw
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materials and to use graphite (rather than iron) skim­
mers, stirrers, and so forth.

Finally, all deoxidants must be added to the furnace 
or pouring ladle in such a manner that they thoroughly 
mix with the molten metal. Also, a period of at least one 
minute is recommended between deoxidant addition 
and pouring to allow time for reaction and for the reac­
tion products to float to the surface o f the melt.

It should be noted that deoxidants (with the possible 
exception o f lithium) react with oxygen only, not with 
hydrogen. Hence, if the melt has become high in 
hydrogen, it must be degassed by flushing with dry 
nitrogen, preferably before final deoxidation. This pro­
cedure is discussed in Chapter 5.

High-Copper A lloys
When a charge o f copper ingot or scrap is used to begin 
melting high-copper alloys, the copper is first oxidation- 
melted and deoxidized, as explained above. Then, 
usually after some final skimming or degassing treat­
ment, alloy additions are dissolved and the melt is 
poured.

When using ingot or scrap which is prealloyed, any 
excess oxidation simply wastes valuable elements such 
as chromium and beryllium, since these elements oxidize 
preferentially. Thus, a residual dissolved oxygen con­
tent to protect from hydrogen pick-up cannot be estab­
lished (see Chapter 5). Instead, these materials are 
melted either under a slightly oxidizing or inert gas at­
mosphere or under a melt cover of fluxes or glass in 
order to limit alloy loss. The metal is melted as rapidly 
as possible at the minimum temperature necessary to 
dissolve the alloying elements or pour the melt. Deox­
idation is not necessary, as the melt already contains a 
strong deoxidant (chromium or beryllium). An un­
satisfactory shrink test indicates the presence of 
hydrogen, and this makes it necessary to degas the melt 
by flushing with dry nitrogen.

Chromium Copper
Because very poor crucible life is obtained in melting 
chromium copper in the lift-out or push-up type o f in­
duction melting furnaces, the use o f fuel-fired crucible 
furnaces is recommended for this material. Maximum 
crucible life is obtained only through the use of silicon 
carbide crucibles.

Chromium copper castings can be produced by add­
ing a master alloy to molten, pure copper or by melting 
commercially prepared ingot.5 The first technique in­
volves melting and deoxidizing the copper under a pro­
tective graphite cover, as described previously for high- 
conductivity copper. The graphite cover is then 
skimmed off (hard chromium carbide inclusions can be 
formed) and replaced by a cover consisting o f an inert 
gas, salt, or flux. Finally, a prepared master alloy con­
taining 5% chromium is added.

The preferred melting fechnique for chromium cop­
per in the average foundry is to use a charge consisting

of 50% commercially prepared ingot (containing about 
1.2% chromium) and 50% foundry returns. The charge 
should be melted under a cover of flux, inert gas, or 
plain glass, and slightly oxidizing flame should be used. 
The addition of some master alloy containing 5% 
chromium is necessary to  compensate for the lower 
chromium content of the gates and risers in the charge. 
The amount o f master alloy to be added will depend 
upon the melting equipment, pouring temperature, and 
length of holding time in the furnace, and, it must be 
determined by a chemical analysis o f the returns in the 
charge. The preferred chromium content in the finished 
casting is approximately 0.8% . The master alloy should 
be pushed through the protective cover with a carbon 
rod. After the master alloy has been added, 10 to 20 min 
will generally be required to dissolve the chromium and 
to raise the metal to the pouring temperature. Because 
chromium is easily oxidized, approximately 20 to 30% 
of the original addition will be lost in melting.

Satisfactory results can also be obtained by melting a 
com m ercially prepared ingot contain ing  excess 
chromium to compensate for melting losses. The best 
practice is to add the ingot to a molten heel of risers, 
gates, and foundry scrap which has been melted under a 
protective cover, in a slightly oxidizing furnace at­
mosphere. The excess chromium in the ingot will com­
pensate for the melting losses, while the balance of the 
material acts as a diluent for some of the impurity in­
crease invariably obtained in remelting foundry scrap.

Regardless of the casting procedure used, regular 
composition checks are recommended in order to exer­
cise control over the properties o f the cast material. 
Another process control technique is to cast a separate 
test coupon with each heat of metal. This coupon may 
be promptly heat-treated and tested for hardness to 
verify that the heat contains the required level of 
chromium for response to age-hardening treatment.

Beryllium Copper
Caution should be observed in the melting, casting, and 
finishing of beryllium copper alloys since handling these 
alloys under improperly controlled conditions may 
create a health hazard. Appropriate environmental con­
trol agencies should be contacted for specific regula­
tions and for guidance in establishing proper pro­
cedures. (See also Chapter 18.)

Beryllium copper may be formulated from pure cop­
per and master alloys, but use of prealloyed ingot and 
carefully segregated foundry returns is more economical 
unless a chemical analysis service is available and the 
composition of all components is accurately known.

The recommended melting practice for beryllium cop­
per alloys is first to charge the foundry returns to the 
furnace. These returns should be melted, under a slight­
ly oxidizing atmosphere, as rapidly as possible so as to 
minimize loss of beryllium and absorption of gas. The
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Table 14-1. Recomm ended Pouring Ranges

Material Pouring Temperature Range

°F °C

Copper C81100 2100-2350 1149-1290
Chromium Copper C81500 2200-2300 1204-1260
Beryllium Coppers

C82000 (10 C) 2050-2250 1121-1232
C82500 (20 C) 1850-2050 10 10 -1121
C81800 (50 C) 2050-2250 1121-1232
C81400 (70 C) 2150-2300 1177-1260
C82400 (165 C) 1900-2050 1038-1121
C82600 (245 C) 1850-2000 1010-1095
C82800 (275 C) 1850-1975 1010-1079

prealloyed ingot (preheated) should then be added and 
the melt raised to the pouring temperature. The excess 
beryllium in the ingot serves to compensate for any 
losses during melting, usually averaging about 5% of 
the contained beryllium.

For the highest quality work, the metal should be 
degassed with dry nitrogen just prior to pouring, since 
beryllium copper is prone to hydrogen absorption.5

Pouring Practice
Pouring practice for copper and high-copper alloys is 
similar to that used with the bronze alloys. The only ex­
ception is the need for an inert cover over the molten 
metal from the time it melts until it is poured into the 
mold. W ithout such a cover it is impossible to control 
the deoxidation process in pure copper, because it quick­
ly reabsorbs oxygen in the furnace or ladle. Covers on 
the alloys provide a mechanical barrier which helps pre­
vent hydrogen pickup from reaction with the water 
vapor in the air; however, they are primarily used to pre­
vent the oxidation of valuable alloying elements and to 
reduce oxide inclusions in the casting. Care must be 
taken to see that the cover is retained in the ladle during

pouring; otherwise, it too may cause inclusions in the 
casting. Recommended pouring temperature ranges for 
the alloys are shown in Table 14-1. Superheating should 
be avoided, as this increases drossing, gas absorption, 
and the loss of alloy constituents.

Finishing
Gates and risers usually are removed by band saws with 
skip-tooth blades, although an abrasive cut-off wheel 
may be used for the beryllium alloys. Final grinding and 
trimming should be performed after heat-treated 
castings have been shot-blasted to remove the surface 
oxide film produced in heat treating.

Heat Treatment
Heat treatment has little or no effect on the properties 
of cast copper, but the beryllium- and chromium-copper 
alloys can be heat treated to develop optimum strength 
and electrical conductivity. As previously described, this 
consists of solution heat-treating at a relatively high 
temperature, quenching in water, and then aging (or 
precipitation hardening) at a lower temperature. Table
14-2 lists the approximate time and temperature cycles 
for each alloy.6 7

Solution annealing may be performed in any suitable 
furnace where the temperature can be maintained within 
± 15F (± 8C ). All castings, except those of alloys 
C82000 and C81800, may be annealed in an air at­
mosphere, followed by a water quench immediately 
upon removal from the furnace. The C82000 and 
C81800 alloys must be bright-annealed in a protective 
atmosphere such as cracked ammonia or city gas. How­
ever, beryllium copper alloys should not be solution 
heat-treated in salt baths.

Solution annealing time will vary, depending upon 
section size. Solution heat-treating times given in Table

Table 14-2. Heat-Treating Cycles fo r  Beryllium Copper and Chromium Copper Alloys*

Solution Annealing Precipitation Hardening

Alloy Time, hr Temperature Time, hr Temperature
°F °C

OOLLo

Beryllium Copper Alloys 
C82000 (10 C)
C81800 (50 C) 1 1675-1700 913-927 3 900 482
C82400 (165 C) 
C82500 (20 C) 
C82600 (245 C) 
C82800 (275 C) 1 1475-1500 802-816 3 650 343
C81400 (70 C) 1 1800-1850 982-1010 2 900 482
Chromium Copper 
C81500 1 1800-1850 982-1010 2 930 499

* All times shown refer to time at temperature and may vary depending on section thickness and casting 
configuration.
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Table 14-3. Typical Properties o f  Several Beryllium Copper A lloys in the Cast-and-Aged Condition

Alloy Treatment* Tensile Strength, ksi Elongation, % in 2 in. Rockwell Hardness Electrical Conductivity
C82000 (10 C) B 60 to 70 10 to 20 B70 to 80 35 to 45
C82500 (20 C) A 95 to 110 7 to 15 C20 to 28 17 to 22
C82800 (275 C) A 110 to 125 4 to 12 C25 to 30 16 to 21
‘ Treatment A: Heated 4 hours at 600F (316C) 
Treatment B: Heated 4 hours at 900F (482C)

Table 14-4. Composition and Typical Properties o f  Heat-Treated Copper Casting Alloys o f  High Strength and Conductivity

Tensile Yield
strength strength Electrical

UNS Number Nominal composition MPa ksi MPa ksi Elongation, °/o Hardness conductivity, %IACS

C81400 99Cu-0.8Cr-0.06Be 365 53 250 36 11 69 HRB 70
C81500 99Cu-1Cr 350 51 275 40 17 105 HB 85
C81800 97Cu-1.5Co-1 Ag-0.4Be 705 102 515 75 8 96 HRB 48
C82000 97Cu-2.5Co-0.5Be 660 96 515 75 6 96 HRB 48
C82200 98Cu-1.5Ni-0.5Be 655 95 515 75 7 96 HRB 48
C82500 97Cu-2Be-0.5Co-0.3Si 1105 160 1035 150 1 43 HRC 20
C82800 96.69u-2.6Be-0.5Co-0.3Si 1140 165 1070 155 1 46 HRC 18

14-2 are satisfactory for light castings. For heavy section 
castings, a general rule is to hold the part at the solution 
heat-treating temperature one hour per inch o f section 
thickness.

Castings in the solution-heat-treated or as-quenched 
condition are soft and must be precipitation hardened if 
they are to develop optimum strength and electrical con­
ductivity. Standard air-circulating furnaces are satisfac­
tory for precipitation hardening or aging. Time and 
temperature are im portant, since over-aging results in 
higher electrical conductivity and some loss in strength 
and hardness. Therefore, a trial run should precede any 
deviation from the standard time-temperature cycle in 
order to determine its effect on the properties of the 
material. Castings may be air-cooled to room tempera­
ture after precipitation hardening.

In some applications where high strength is not an im­
portant criterion, the cast-and-aged condition may be 
satisfactory. This condition is achieved by bypassing the 
solution heat-treatment and aging the castings in the 
cast condition. Typical properties of several alloys in the 
cast-and-aged condition are shown in Table 14-3.

Oxide films formed during heat treatment may be 
removed by blasting, tumbling, or by chemical pickling.

Chromium copper, when cast and cooled in sand 
molds, has rather poor mechanical strength and low 
conductivity. Optimum strength and conductivity are 
obtained only through the use o f the standard solution 
treatment and aging process.

Very high conductivities (over 90%) and moderate 
strength can be achieved by solution treating in a protec­
tive atmosphere and then slow cooling in the furnace.

It should also be noted that heat treating chromium 
copper alloys without the use o f a protective atmosphere 
will promote the formation of a soft skin on the surface 
of the castings. The thickness of this oxidized zone on 
the casting surface is approximately twelve mils (0.012 
in.). Thus, castings which are heat treated in air fur­
naces must be machined after the treatment to remove 
this soft layer, in order to obtain accurate conductivity 
and hardness measurements so that maximum proper­
ties are present on load-bearing and other important 
surfaces.

Defects
Defects in high-copper alloys follow the same general 
patterns and have the same causes as the defects noted 
in Chapter 15 for other copper-base alloys.

The most common defects found in high-copper 
alloys are as follows:

1) Gas porosity in cast copper due to lack of proper 
deoxidation.

2) Low electrical conductivity and loss of mechanical 
properties due to excessive impurities. Impurities 
may result from the use of contaminated scrap or 
from the use of a crucible in which other alloys 
were previously melted.

3) Excessive drossing due to turbulence caused by im­
proper gating or excessive agitation during 
melting.

4) Shrinkage cracks and cavities due to lack of proper 
filleting and feeding.

5) Low physical and mechanical properties resulting 
from improper alloying and /o r heat treatment.
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Effects of Impurities
Beryllium Copper Alloys. Excessive quantities of 
aluminum, iron, tin, zinc, and chromium may cause loss 
of hardness or electrical conductivity following heat 
treatment. Excess lead results in hot shortness and 
discoloration during pickling.

Chromium Copper. Excess phosphorus, aluminum, 
iron, tin, lead, zinc, and silica may result in loss of 
mechanical properties or electrical conductivity follow­
ing heat treatment.

Cast Copper. Very small quantities of impurities, par­
ticularly phosphorus, silicon, iron, arsenic, aluminum, 
and beryllium, have a serious effect on the electrical 
conductivity of cast copper.

Properties
Typical properties of sand-cast and aged, and fully heat- 
treated alloys are listed in Tables 14-3 and 14-4. 
Nominal compositions are also given in Table 14-4. 
More detailed information on properties, heat treat­
ment, and chemical composition can be found in ASTM 
Metals Handbook and_the Beryllium Corporation’s 
bulletin.6'7 Rigid control of the principal alloy consti­
tuents as well as the impurity limits must be maintained 
in order to obtain the highest possible electrical conduc­
tivity and the required physical and mechanical proper­
ties.

Applications
Cast copper is used mainly in terminals and in other 
components which require high electrical conductivity; 
however, it is also widely used for heat transfer pur­
poses. Its use is limited to applications which do not re­
quire high strength or hardness.

One of the advantages o f the chromium copper alloy 
is that it possesses moderate strength and hardness as 
well as good electrical conductivity. These properties 
permit the use of this alloy in contacts, clamps, and 
similar current-carrying components, such as welding 
electrodes, where strength is an im portant considera­
tion.

The beryllium copper alloys are widely used where 
maximum strength, resistance to wear and corrosion, 
and good thermal and electrical conductivity are re­
quired. Specific applications of the several alloys are 
listed below.

C82000 (IOC) A lloy
This alloy meets the requirements of Resistance Welders 
M anufacturers Association Class 3 and is used exten­
sively in cast parts for resistance welders such as elec­
trode holders, tips, seam wheels, jaws, and dies because 
of its good conductivity, strength, and resistance to 
mushrooming and sticking.

C82500 (20C) Alloy
This alloy possesses high strength, wear, and corrosion 
resistance, and it is suitable for use in critical 
mechanical parts including cams, bushings, bearings, 
gears, sleeves, and pump and valve parts.

C82800 (275C) A lloy
This material is a special-purpose alloy and is designed 
for use in plastic molds and in other applications which 
require maximum strength and wear resistance.
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Chapter 15 

COMMON DEFECTS IN SAND-CAST 
COPPER-BASE ALLOYS

INTRODUCTION
Defective castings can be caused by a variety of condi­
tions which may arise from time to time in the foundry. 
The purpose of this chapter is to provide guidelines for 
recognizing and correcting the common types of 
defects.

The first and most im portant step in correcting a 
defective casting problem is proper diagnosis, or iden­
tification, o f the defect. To assist in the proper iden­
tification of defects, an international system1 has been 
devised which classifies the defect based upon visual ap­
pearance, nature, size and location on or within the 
casting. This systenT recognizes seven categories of 
defects:

A-Metallic projections
B-Cavities
C-Discontinuities
D-Defective surfaces
E-Incomplete casting
F-Incorrect dimension or shape
G-Inclusions or structural anomalies

Each category is further divided into subgroups which 
are designated by numerals. Any defect may thus be 
identified by a letter, followed by three digits. Detailed 
listings of defects according to this system are given in 
the AFS International A tlas o f  Casting Defects. It is 
recommended that this reference be utilized for regular 
diagnosis of defective castings in the foundry.

The A tla s’ system of designation will be used in this 
chapter for listing several of the more common defects 
encountered with copper-base alloy castings; possible 
causes and remedies will be noted. Reference should 
also be made to other publications2’3 dealing with causes 
and cures of defective castings. Chapters 3, 5 and 16 of 
this book contain valuable, detailed inform ation on 
quality and process control in the brass foundry.

Special attention will be given to the problems of 
structural unsoundness and leakage under pressure, 
which occur in several families of copper-base alloys 
having wide freezing ranges (defect B 311). These prob­
lems may result from solidification shrinkage or, more 
commonly, from the interaction of such shrinkage and 
the release of dissolved gas during solidification. Such 
interaction is critical—relatively small variations in pro­
duction conditions can cause problems to appear and 
disappear quite suddenly without apparent reason. 
(This is discussed in detail in Chapters 5 and 8, as well as 
in reference 4.)

DEFECT A 112—VEINING OR FINNING

This defect occurs as projections in the form of veins 
which are generally perpendicular to the casting surface, 
occurring either singly or in networks, and not situated 
along parting lines (Fig. 15-1).

In green sand molding, these projections often appear 
at fillets in conjunction with defect D 230 (scabs) or A 
211 (swells).

Possible Causes
Defect A 112 may be caused by mold surface cracks oc­
curring during drying when there is excessive shrinkage 
tendency of the sand, due to: a) too rapid heating, b) 
too high a baking temperature, or c) too much sand 
binder or moisture.

Or, this defect may be caused by surface cracking oc­
curring at the time o f pouring in a sand which is too 
dense or too high in silica, initiation of the formation of 
scabs (see defect D 230), or by mold fissures accompa­
nying swells (defect A 211).

Remedies
Depending upon the assumed causes, remedies may in­
clude: a) regulating sand composition and baking, and 
sealing mold cracks; b) taking measures for avoiding 
scabs (defect D 230); c) increasing mold rigidity and 
reducing metallostatic pressure.

DEFECT A 211—SWELLS

Swells occur as massive and irregular projections on the 
interior and exterior surfaces and corners of the casting 
(Fig. 15-2), generally rough and extended, and often in 
combination with defects D 121 (roughness), D 122 
(penetration), and A 112 (veins and fins).
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Fig. 15-1. Bronze bushing showing veins caused by core 
cracks, which disappeared when proper core baking was 
observed.

Fig. 15-2. Flanged bushing showing swells resulting from  
soft-rammed mold.

tending along the course o f metal flow into the mold 
cavity (Fig. 15-3). Sand inclusions are often found in 
other regions of the casting.

Possible Causes
Causes of defect A 212 may include: a) sand of insuffi­
cient cohesion strength; b) defective drying o f mold or 
cores; and c) poor gating system in which the metal 
enters the mold at too great a speed or impinges for too 
long a time on one portion of the mold or core.

Remedies
Defects may be avoided by: a) selecting a binder having 
higher hot strength; b) increasing dry compression 
strength of sand; c) harder, more uniform mold ram ­
ming; d) controlling the baking of the mold and cores; 
e) studying the gating system to avoid excessively rapid 
or localized entry of liquid metal into the cavity and ex­
tended impingement upon the same area o f the mold or 
core, and preventing the stream of liquid metal from im­
pinging directly upon corners of the sand or on vertical 
walls in the mold cavity; f) using ceramic gates and /o r 
strainer cores; g) reinforcing the affected zones of the 
mold cavity walls by making them of refractory material 
or by protecting them with resistant coating.

Possible Causes
Causes of defect A 211 may include: a) insufficient sand 
ramming; b) incomplete drying; and c) excessive or 
dynamic pressure of the liquid metal.

Remedies
Swells may be avoided by: a) increasing the ramming 
density in areas of the mold subject to the defect, or in­
creasing the binder content o f the sand; b) substituting 
dried or chemically bonded sand for the green sand; and 
c) modifying the location o f the casting in the mold 
together with the gating and risering system in order to 
reduce the pressure of the liquid metal.

DEFECT A 212—EROSION, CUT, OR WASH

Defect A 212 occurs as irregular, generally rough projec­
tions on the surfaces of a casting, usually in the vicinity 
of gates or on the drag surface in line with a gate or ex­
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Fig. 15-3. Typical wash or cut in the gate area.

DEFECT A 213—CRUSH

This defect occurs as non-geometric projections on the 
vertical or oblique surfaces of the casting in the direc­
tion in which the mold is closed or in which a core is 
placed. Generally the defect can be found in numerous 
areas of the same casting, often combined with sand in­
clusions.

Possible Causes
Defect A 213 may be caused during mold closing, par­
ticularly when there are high mold projections when 
corners or surfaces of the mold rub against each other 
causing a tearing away of sand (see sketch). This defect 
can also occur upon closing the mold after the setting of 
the core.

Remedies
This defect may be prevented by: a) improving the 
design of the casting, if possible, in order to provide 
greater draft or increased wall thickness; b) using ade­
quate alignment pins or positioning devices during the 
closing of the mold; and c) using caution in closing the 
mold to verify that rubbing has not occurred.

Fig. 15-4. Tin sweat. This sprue from  a leaded tin bronze 
shows defect A  311 (sweating or, more precisely, tin-sweat). 
Casting analysis: 85% Cu, 13.79%  Sn, 0.17%  P b, 1.04%
Zn. E xuded m aterial analysis: 74.2% Cu, 22.85%  Sn,
0.34%  Pb, 1.2%  Zn. During solidification, a p a rt o f  the 
residual liquid o f  the alloy was exuded by the forces o f  con­
traction and the pressure o f  released gases. This defect is ac­
com panied by m icroporosity.

Defect A 311—TIN SWEAT AND LEAD SWEAT

With tin or lead sweat, the surface of the casting is more 
or less covered by a thin layer of white metal. In the case 
of lead, the sweat often occurs in localized areas, 
sometimes of considerable thickness, or in beads,
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Endogenous Blowholes and Pinholes

(Internal Origin)

Exogenous B low holes and Pinholes

(External Origin)

Fig. 15-5. Endogenous and exogenous blowholes and pinholes.

sometimes the size of peas (Fig. 15-4). This is usually en­
countered only with ~tin bronzes and high-lead tin 
bronzes.

Possible Causes and Remedies
It is generally the pressure caused by the release of 
dissolved gasses which gives rise to this defect; hence 
macroporosity may also exist. Contraction of solidified 
portions o f the casting can also play a role in the form a­
tion of the defect.

Silicon and /o r aluminum contamination of metal can 
also cause tin or lead sweat. Careful segregation of 
material being charged into melting units is required. 
Alloy composition should be adjusted as lead sweating 
is likely to occur with those high-lead tin bronzes con­
taining 10-25% lead, and tin below 5%.

The most probable cause of tin or lead sweating is the 
presence of an excessive am ount of gas, such as 
hydrogen, dissolved in the molten metal. The dissolved 
gas forces the tin or lead to the surface during solidifica­
tion. Castings showing tin or lead sweats usually have 
discolored or open fractures. To prevent this defect 
from occurring melting should be accomplished under 
an oxidizing atmosphere.

As well as gas dissolved in the metal, gas that is 
picked up by the molten metal in the mold may cause 
the tin and lead to sweat. Sand should be relatively dry 
and of high permeability and molds should be vented.

DEFECT B 111—BLOWHOLES AND PINHOLES

Defect B 111 consists of smooth-walled cavities, essen­
tially spherical, often not contacting the external casting 
surface (blowholes). The largest cavities are most often 
isolated, the smallest (pinholes) appear in groups of 
varying dimensions. In specific cases, the casting section

can be strewn with blowholes or pinholes. The interior 
walls of blowholes and pinholes can be shiny or more or 
less oxidized. These defects can appear in all regions of 
the casting (Figs. 15-5, 15-6, 15-7).

Possible Causes
Blowholes and pinholes are produced because o f gas en­
trapped in the metal during the course o f solidification. 
Such gases, however, can also cause defects other than 
defect B 111.

Blowholes or pinholes may be o f metallurgical origin 
(endogenous gas holes), caused by excessive gas content 
in the metal bath (due to  such factors as charge 
materials, melting method, atm osphere, etc). Dissolved 
gases are released during solidification.

Gas arising from mold or core materials (exogenous 
gas holes) may also cause these defects. This can be 
from: a) excessive moisture in molds or cores; b) large 
amounts of gas liberated by core binders; c) excessive 
amounts of additives containing hydrocarbons; or d) 
blacking and washes which tend  to liberate too much 
gas.

These defects may also be caused by mechanical en­
trapm ent of gas (exogenous gas holes) due to: a) insuffi­
cient evacuation o f air and gas from  the mold cavity; b) 
insufficient mold and core perm eability; or c) entrain- 
ment of air due to turbulence in the sprue and runner 
system.

Remedies
The formation of blowholes and pinholes may be 
prevented by: a) making adequate provision for evacua­
tion of air and gas from the  m old cavity (whistlers, 
vents); b) increasing permeability o f mold and cores; c) 
avoiding improper gating systems; d) assuring adequate 
baking of dry sand molds; e) controlling m oisture levels 
in green sand molding; f) reducing am ounts of binders 
and additives used or change to  other types; g) using
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blackings and washes which provide a reducing atmos­
phere; h) keeping the sprue filled and reducing pouring 
height; i) increasing static pressure by enlarging runner 
and sprue height; and j) avoiding excessive melting 
temperatures and using care in proper melting, deoxida­
tion, and degassing. (Defects due to dissolved gas are 
especially troublesome in copper-base alloys.)

DEFECT B 121—BLOW

The casting with a blow shows a smooth depression on 
outer or inner surfaces, or gas pockets just under the 
cast surface or in heavy sections above a cored cavity. 
The depressions or holes will be discolored—sometimes 
black, gold-colored or reddish brown (Fig. 15-8).

Possible Causes and Remedies
Blows may be caused-by: a) sand properties, b) core 
practice, c) molding techniques, or d) the use o f chills.

Wet sand in localized areas or sand with too low a 
permeability is likely to cause blows. To avoid this, the 
permeability of sand should be checked and maintained 
at the desired level. Sand should be mixed properly to 
ensure that all ingredients are uniformly distributed.

Insufficient baking and improper selection of core in­
gredients may cause blows. Cores with too low a 
permeability and lack of adequate venting may also 
cause blows. Cores should be thoroughly dried after 
assembly and application o f core washes.

Hard and uneven ramming of sand adjacent to the 
pattern may also cause blows. Even though sand has 
relatively high permeability, venting the mold at the 
parting line and above high portions of the casting in 
cope will help to reduce the tendency to blow.

To avoid the formation of blows from chills, chills 
should be warm and dry. Alternatively, a dry wash 
coating may be applied.

DEFECT B 221—INTERNAL OR 
BLIND SHRINKAGE

Fig. 15-6. Gas porosity  is m arked by small, spherical, bright- 
walled cavities usually segregated near the surface bu t 
underneath the skin o f  heavy sections o f  the casting.

Fig. 15-7. N ozzle  o f  180 mm (7.2 in.) diam eter cast in 
10% -tin bronze. Blowholes are due to gas absorbed during 
melting.

Defect B 221 consists of internal cavities, generally with 
rough, often dendritic walls (but smooth for certain 
short-freezing-range alloys). These cavities are either 
isolated or dispersed, but* localized in zones which are 
the last to solidify or are in contact with reentrant angles 
of the casting, cores, gates or risers. This defect is most Fig. 15-8. A  sm all bushing cut in h a lf to show  blow.
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Fig. 15-9. Insufficient cope height p reven ted  adequate riser 
height to fe e d  the sections involved. Sectioning through both  
the risers and the casting dem onstrates the need f o r  addi­
tional fe e d  m etal height.

pronounced with alloys o f narrow freezing range—such 
as yellow brasses, manganese bronzes, aluminum 
bronzes, and pure copper (Fig. 15-9).

Causes
The principal cause o f this shrinkage is the volume con­
traction of the metal in the liquid state as it cools in the 
mold to its solidification tem perature, or as it changes 
from the liquid to the solid state. Solidification contrac­
tion and insufficient feeding in thick sections can also 
cause this defect.

Other auxiliary factors can also affect the size, ap­
pearance, and location o f the defect. These are: a) gases 
evolved by the mold; and b) mold wall deformation 
caused by expansion due to elevated mold temperature 
or metal pressure (static pressure or solidification ex­
pansion).

Remedies
Increased control in the following areas may help to pre­
vent the occurrence o f defect B 221.

Design Factors

• Confine designs to the use o f sections having essen­
tially the same modulus (surface area/volum e 
ratio) or which increase gradually toward riser loca­
tions (directional solidification).

• Modify the design o f sections by the addition of 
padding which may, if necessary, be removed by 
machining.

Pouring

• So far as possible, limit the pouring temperature in 
order to minimize liquid metal contraction.

Gating and Risering

• Use risers having a sufficient reserve o f liquid feed 
metal, located so as to feed sections which are slow

to freeze and with due consideration of effective 
feeding distances.

• Use exothermic or insulating riser sleeves and 
covers.

• Use an adequate number of risers, taking into ac­
count the feeding characteristics of the metal 
poured and the degree of soundness required.

• Utilize internal or external chills to create end- 
feeding effects or to modify the effective section 
modulus. Employ cooling fins.

DEFECT B 222—CENTERLINE OR AXIAL 
SHRINKAGE

Defect B 222 consists o f a cavity or porous region along 
the centerline of casting sections which are plate-like in 
shape (Fig. 15-10).

Possible Causes
Centerline or axial shrinkage may be caused by the layer 
of metal in contact with the mold rapidly solidifying, 
especially in the case o f green sand or a metal mold, 
with the metal at the centerline of the casting taking 
somewhat longer to freeze. The metal at the centerline is 
subject to the effects of liquid contraction and solidifi­
cation shrinkage.

This effect is noticed especially where the alloy has 
been poured at a temperature too high for the section 
thickness in question.

Remedies
Defect B 222 may be avoided by: a) lowering the pour­
ing temperature; b) not pouring into a permanent mold 
which is insufficiently heated; c) tilting the mold and 
pouring slowly, or tilt-casting; d) observing rules gov­
erning location and size o f risers; or e) using an alloy 
containing fewer impurities.

DEFECT B 311—MACROSHRINKAGE, 
MICROSHRINKAGE, SHRINKAGE POROSITY, 
AND LEAKERS

Defect B 311 can be revealed by a pressure-leakage test 
of the casting walls or by visual examination, with or 
without a magnifying glass, of fractured or machined 
casting sections. On fractured surfaces, the defect has a 
spongy appearance, either dendritic or in the form of 
small, superimposed cavities showing orange-brown

200



Fig. 15-10. Brass sand casting, 150 mm (6 
in.) diameter. The centerline shrinkage 
crack (B 222) is located in a zone o f  porou s  
metal. The defect disappears upon lowering 
the iron and tin content, increasing riser 
size, and pouring at a lower tem perature.

Fig. 15-11. Weak, discontinuous or open  
structures, as shown by fractures, are 
caused by the presence o f  aluminum or 
silicon in the alloy, excessive pouring  
temperatures, or sm all amounts o f  gases 
such as hydrogen.

discoloration. On machined surfaces, minute, closely 
spaced openings are apparent. This defect occurs 
typically with the wide-freezing-range alloys, and par­
ticularly with the red and semi-red brasses and tin 
bronzes (Figs. 15-11, 15-12).

Possible Causes
Defect B 311 may be caused by a volume change during 
solidification, resulting from solidification shrinkage 
and lack of feeding in defective areas (microshrinkage).

Release of gas during solidification may also cause 
this defect, from gases dissolved in the metal or formed 
as internal reaction products. It should be noted that 
this gas has the effect of enlarging the size and /o r extent 
of shrinkage porosity and does not have the characteris­
tics of gas evolved without accompanying shrinkage (see 
B 111). In practice most B 311-type porosity is a com­
bination of gas and unfed solidification shrinkage.

Gases evolved from molding materials by the thermal
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Fig. 15-12. M acroporosity in a bronze casting, photographed  
unetched.

or chemical effects of the liquid metal may also cause 
this defect.

Remedies
Since this porosity is usually caused by the interaction of 
both dissolved gas and solidification shrinkage, it is dif­
ficult to make specific recommendations for general 
cases. Among the variables which should be investigated 
in seeking a remedy are the following:

a) The presence of as little as 0.007% aluminum 
and /o r silicon in the leaded bronzes causes a 
coarse, dendritic, discolored fracture often 
associated with leakers. Careful segregation of 
charge material is required. The presence of small 
amounts of deleterious gases in the melt, such as 
hydrogen alone or hydrogen plus oxygen, is a ma­
jor cause of weak, discontinuous or open struc­
tures.

b) Melting should be accomplished under an oxidiz­
ing atmosphere (see Chapter 5 on melt quality con­
trol) and both the deoxidation and degassing treat­
ments should be controlled so as to achieve a 
known level of residual gas. In general, the heavier 
the casting section thickness to be produced, the 
lower the optimum residual gas content.

c) As a general rule, pouring temperatures for the 
wide-freezing-range alloys should be as low as 
possible without encountering serious problems of 
misruns and cold shut (E 121 and C 311). Ex­
cessive pouring temperatures not only delay 
casting solidification rate but may also result in 
gas pick-up from mold and core materials during 
pouring.

d) Gas-producing materials in ladle linings, fluxes 
and molding sands and binders (especially mois­
ture) should be minimized so as to avoid gas con­
tamination of the melt during pouring.

e) When open, porous structures persist in cast sec­
tions known to be produced from metal of low gas 
content, the problem is more likely due to solidifi­
cation shrinkage. Such defects can be minimized 
by the placement of heavy external chills against 
the casting wall in the affected sections in order to 
develop high thermal gradients during freezing 
(see Chapter 8).

DEFECT C 221—HOT TEARING

Defect C 221 consists o f m ore or less deep inter­
crystalline fissures of irregular outline (Fig. 15-13). The 
cracks often show a fine dendritic structure with an ox­
idized surface.

This defect most often appears in the last sections of 
the casting to solidify in which constraints are present 
(section changes and reentrant angles, for example).

Possible Causes
A solidifying alloy, upon reaching a tem perature close 
to the solidus, is subjected to constraint or deformation. 
The resulting stresses, acting upon the semi-solid casting 
section, result in formation o f a strain, or “ hot tear.”

In general, contraction may be hindered due to faults 
in design such as: a) large differences in section 
thickness; b) abrupt transition from  one thickness to 
another, or c) too many branching, connected sections.

Contraction may also be hindered by excessively rigid 
mold and cores, or by rough mold surfaces (metal 
molds).

Elongation or deform ation o f  the mold from  heated 
sand or metal mold com ponents may result in hot tear­
ing as well.

In permanent molding or die casting, this defect may 
be due to a) excessive cooling tim e prior to knockout; b) 
hindered contraction due to insufficient taper; c) mold 
being opened too soon and the casting damaged by ex­
traction; d) extraction of cores which are improperly 
aligned or guided; e) poor ejector locations, causing 
bending stresses; f) hot spots due to excessive pouring 
temperature or thin corners o f  sand (cores); g) insuffi­
cient flow of liquid metal.

Metallurgical causes o f  hot-tearing may include that: 
a) the alloy being poured has an excessively wide freez­
ing range, which prevents the developm ent of adequate
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Fig. 15-13. Casting o f  85-5-5-5 bronze. The 50 mm (2 in.) 
diam eter boss results in delayed cooling, restraint and 
serious internal shrinkage which extends to the surface as a 
hot tear. The p a rt was cast in dry sand in the reverse p o si­
tion fro m  that shown in the ph o to .

strength in stressed areas; or b) the alloy contains lead 
or another low-melting phase which remains liquid at 
grain boundaries.

Remedies
Hot tearing may be prevented by correcting the various 
causes listed previously.

Cooling fins or external chills may be placed at loca­
tions subject to tensile stresses and where delayed freez­
ing can be expected to occur (Fig. 15-14).

DEFECT C 311—COLD SHUT OR COLD LAP

t
"V"

Fig. 15-14. Schematic representation o f  the form ation  o f  h o t 
tears and o f  various corrective measures possib le in the case 
o f  a flanged, cast tube.

ding either partially or entirely through the section of 
the casting. In the mildest case, the defect may consist 
merely of a shallow groove with rounded edges.

Cold shut occurs on wide surfaces of the casting, in 
thin sections which are difficult to fill, or where two 
streams of metal converge in the mold because of the se­
quence of filling.

Possible Causes
Cold shuts or laps may be caused by: a) insufficient 
fluidity and oxidized metal; b) slow or interrupted pour­
ing; c) insufficient venting; or d) incomplete fusion of 
two streams o f metal in die casting (the two often show­
ing different structures due to differences in cooling 
rates).

Remedies
To avoid defect C 311 the following steps may be taken: 
a) pour at higher temperatures; b) increase the fluidity 
of the alloy, c) increase mold filling rate by changes in 
gating, or d) improve venting of the mold.

For metallic molds, the mold and metal temperatures 
may be adjusted (usually increased). Also, the mold wall 
may be heated selectively or temperature control of the 
mold may be improved at the defect location. Refining 
the gating system may also help to prevent these defects. 
The mold wash should be checked in terms o f insulating 
qualities.

DEFECT D 132—RAT TAIL

Defect C 311 consists of a linear discontinuity with 
rounded edges (Fig. 15-15). This defect has a 
characteristic appearance and may vary in depth, exten-

Defect D 132 consists of a shallow, groove-like defect 
which usually appears only on horizontal drag surfaces 
o f the casting. Usually an irregular depression up to 5 
mm (0.2 in.) deep occurs, with a sharp-angled edge 
below which sand may be lodged.
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Fig. 15-15. Crack fro m  a co ld  shut in a bushing.

Rat tails most often extend from gate locations, 
delineating the metal flow pattern in the mold, and 
somewhat less frequently are interconnected in a 
branching pattern as shown in Fig. 15-16. For sands 
with a strong tendency toward this type of defect, rat 
tails may also be accompanied by more severe sand- 
expansion defects such as buckles and scabs (see defect 
D 231).

Possible Causes
Heat from the stream of molten metal causes the form a­
tion of a wet condensation zone in the sand just below 
the surface. Expansion o f the silica causes buckling and 
detachment o f the crust of sand at the wet layer. Because 
of its increased volume, the crust extends inward at the 
edges of the stream (1 and 2 of Fig. 15-17).

Since the edges of the projecting scale of sand are not 
flattened by the metal after the mold fills, they form 
grooves known as rat tails (Figs. 15-16, 15-17).

Remedies
To avoid the form ation of rat tails, the same remedies 
may be used as for avoiding scabs (defect D 231).

DEFECT D 141 
AND SUCK-IN

-SINK MARKS, DRAW,

Fig. 15-16. R a t tails

Fig. 15-17. The form ation  o f  a rat tail.

Defect D 141 consists of depressions in the casting sur­
face at heavy metal sections (intersections, etc.). The 
surface o f these depressions is generally not different 
from that o f other areas (Fig. 15-18).

These depressions most often appear at thickened sec­
tions of the casting and sometimes at the bottom of an 
internal shrinkage cavity or porous area.

Possible Causes
Solidification contraction (surface collapse) at locations 
such as heavy sections which are slow to freeze may be a 
cause o f defect D 141.

These defects occur most frequently with alloys of 
wide freezing range, where atmospheric pressure col­
lapses the mushy surface prior to complete solidifica­
tion.

In die casting, defect D 141 may occur as a result of 
low metal and /o r mold temperature together with insuf­
ficient metal pressure.

Remedies
The form ation o f sink marks, draw, and suck-in may be 
prevented by: a) modifying the casting design and 
avoiding abrupt changes in sections; b) tapering adja­
cent sections to obtain directional solidification; c) ad­
ding risers, supplementary gates or chills to assure the
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proper sequence of freezing and feeding; or d ) in die 
casting, checking metal and mold temperature as well as 
injection velocity and pressure.

DEFECT D 221—BURN-ON

Defect D 221 consists of a strongly adherent crust of 
sand on the casting which cannot be removed by a nor­
mal cycle of blast cleaning, but which requires grinding 
away. This defect is localized at the hottest locations of 
the casting. Parts, or the entire cast surface, o f the 
casting will have an extremely rough surface as if the 
metal had penetrated freely between the sand grains, 
some of which are completely surrounded and enclosed 
in the wall of the casting (Fig. 15-19).

Possible Causes
Burn-on may be caused by: a) inadequate ramming, b) 
excessive metallostatic_(head) pressure, c) excessive 
pouring temperature, d) coarseness of the sand (high 
gfn), or e) high metal fluidity (excessive residual 
phosphorus).

Remedies
The formation o f burn-on may be prevented by: a) 
assuring adequate and uniform rammed density of 
sands; b) considering the use of mold and core washes 
when excessive head pressure or sand coarseness exists 
(high-lead alloys are most troublesome in this respect);
c) adjusting pouring temperature to minimize super­
heat; d) maintaining residual phosphorus at the 
minimum level to  avoid reaction unsoundness in the 
castings (0.03% for lighter castings and less for heavy 
castings).

DEFECT D 223—METAL PENETRATION

Defect D 223 consists o f a projection of no particular 
geometric shape, comprised of an intimate mixture of 
sand and metal having a spongy appearance and strong­
ly adhering to the casting (Fig. 15-20). This generally oc­
curs at locations where the sand is the hottest (cores, 
concave sections) and is of lowest density.

Possible Causes
In general, the factors causing metal penetration are the 
same as those causing burn-on (defect D 221). Metal 
penetration represents extreme conditions and often 
results in parts which cannot be economically salvaged, 
if at all. Metal penetration is most prevalent with alloys

Fig. 15-18. D efect D  141—sink marks.

Fig. 15-19. Castings with burn-on.

high in lead and /o r phosphorus, cast in heavier sections 
(Fig. 15-21).

Remedies
To prevent metal penetration from occurring, use the 
same remedies as those used for the prevention of defect 
D 221.
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Fig. 15-20. Sand-cast bronze half-bearing showing defect D  
223 (penetration). L ow  surface-tension o f  the liquid m etal 
was directly responsible fo r  the defect. To avoid  this defect, 
a graphite wash should be used on the core. N orm al precau­
tions should be taken fo r  the casting o f  phosphor bronze. A  
more dense sand having good  therm al conductivity (iron 
oxide addition to  the sand) should  be used.

DEFECT D 231—SCAB AND EXPANSION SCAB

Defect D 231 consists of irregular metallic projections 
of several mm thickness, generally with sharp edges, 
parallel to the surface of the casting, and having very 
rough surfaces. They are generally attached to the 
casting only at a few points. The surface o f the casting 
beneath the defect shows a depression which is of the 
shape and thickness of the scab. True scabs can be 
detached by means of a chisel; however, the areas of at­
tachment to the casting remain evident and the underly­
ing depressions persist.

A true scab usually forms on the upper horizontal 
mold surface (cope scab), or on the lower horizontal 
mold surface (drag scab). Scabs occur less often on 
lateral walls.

Possible Causes

Cope Scab
The formation of a cope scab can involve the ap­
pearance of a low-strength wet condensation zone 
(sketch 1 o f Fig. 15-22), followed by formation of a 
crust of dry sand whose expansion is restrained by com­
pression stresses in the mold wall (sketch 2 of Fig. 
15-22). The pressure forcing this crust against the 
backup sand, caused by the arrival of the liquid metal,

Fig. 15-21. Cross-section o f  a bronze p illow  block with a 20  
m m (0.8 in.) diam eter cast hole fo rm ed  by a silica te/C O 2 
core. Total penetration o f  the core by the liquid m etal has 
occurred. The use o f  an alumina core wash reduced, bu t d id  
n ot preven t penetration. Elimination o f  the core is a costly  
solution since it involves increased risering as well as extra 
machining. The corrective action taken here was to use a 
shell core. This not only elim inated penetration bu t also per­
m itted  reduction o f  finish stock to 0.5 mm.

causes the crust to break (sketch 3). The liquid metal in­
filtrates the space behind the crust forming a thin layer 
of metal which comprises the scab (Fig. 15-23). If such 
infiltration does not occur, the defect will instead be a 
buckle.

A fillet scab may also form by the appearance of a 
low-strength condensation zone (sketch 1 of Fig. 15-24), 
followed by the formation of a crust of dry sand whose 
expansion is unrestrained by compressive stress in the 
mold wall (sketch 2). The crust does not break, but 
separates as it expands and projects into the mold cavity 
at one edge. The metal infiltrates the cavity behind the 
crust (sketch 3) causing flat projections extending from 
the corner (fillet scab).

Drag Scab
A drag scab can be formed when a stream of metal 
entering the mold cavity causes the rapid form ation of a 
low-strength wet condensation zone (sketch 1 o f Fig. 
15-25). Then, with sufficiently high restraint in the mold 
wall due to compressive stresses, a crust of dry sand is 
produced whose formation is confined to the regions 
along the length of this zone.
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C o n d en sa tio n  zo n e  

&

Cross-section of a scab Top view

Fig. 15-22. The form ation  o f  a scab.

One possibility is that the crust does not separate 
completely from the backing sand. Because of the ex­
pansion of the silica, the crust shears toward the region 
adjacent to the mold wall (sketch 2 o f Fig. 15-25). The 
edges of the crust are raised, causing the formation of 
rat tails (R) or, if the edges raise sufficiently to permit 
metal infiltration beneath the crust, the formation of 
scabs (S).

Another possibility is that the crust forms and raises 
between two parallel streams of liquid metal (sketches 1 
and 2 of Fig. 15-26), and then becomes compressed by 
the continued flow of metal into the mold. If the crust 
does not break, there will merely be a slight surface 
depression on the casting. If the crust breaks without 
metal penetration, the defect will be a buckle (D 131); if 
penetration does occur, a scab will form (sketch 3).

Remedies
To inhibit the form ation of scabs, the following p ro­
cedures may be followed.

Minimize the form ation of weak condensation zones 
by: a) increasing the binder (clay) level of green sand; b) 
replacing natural or southern (calcium) bentonite clays 
with a greater proportion of western (sodium) bentonite 
having better hot-strength; c) reducing the moisture 
level of the sand; d) reducing the temperature of the 
system sand; or e) improving the mulling of the sand.

Reduce the compression stresses at the mold surfaces 
by: a) gating to achieve more uniform, rapid filling o f 
the mold; b) removing excessive fines from the sand, in­
creasing permeability; c) using additives or cushioning 
agents in the sand to offset the effects of silica expan­
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sion; d) substituting sand minerals (olivine, zircon) hav­
ing lower coefficients of expansion than does silica; and
e) where possible, suggesting design changes which 
minimize the presence of sharp fillets or wide, flat sur­
faces on the cope or drag.

DEFECT E 121—MISRUN

When a misrun occurs, a portion of the casting will be 
missing, usually on the cope surface or at a location 
remote from the gate area (Fig. 15-27). The edges sur­
rounding the missing portion are rounded. Adjacent 
surfaces are generally shiny.

Possible Causes
Misruns may be caused by: a) gating practice; b) sand 
properties (high moisture, low permeability); c) metal 
(oxidized, low fluidity); d) improper pouring tempera­
ture; e) bad pouring technique; and f) core practice (gas 
backpressure).

Remedies
To inhibit the occurrence o f misruns, the height o f cope 
should be increased so that the metal in the sprue will be 
substantially above the highest level o f the castings in 
the mold. The gating system, sprue-runner-gates, 
should permit the free and smooth flow of metal into 
the mold cavities.

High moisture in molding sand has a tendency to chill 
the liquid metal preventing flow to the extremities of 
mold cavity. Low permeability sands and /o r hard ram ­
ming will prevent the exit of the gases generated, 
thereby causing a back pressure which would prevent 
the metal from completely filling the mold.

Proper segregation of raw material will prevent the 
pick up o f any harmful impurities that would cause

sluggishness. Proper deoxidation and skimming practice 
should result in a more fluid metal.

For a specific casting, each alloy has a definite pour­
ing range. The first and last molds poured should be 
within this range. If the last molds poured contain a 
high percentage of misruns, it would be advantageous to 
reduce the number o f molds poured per ladle or 
crucible.

The sprue should be kept full at all times during pour­
ing to ensure that gating system is controlling the flow 
of metal.

DEFECT G 121—INCLUSIONS OF SLAG, DROSS, 
FLUX, OR OXIDE

Defect G 121 consists of irregularly shaped nonmetallic 
inclusions resembling the slag or dross formed in the 
melting furnace or pouring ladle (Fig. 15-28). The inclu­
sions may occur either on the casting surface (where 
they are sometimes partially removed during cleaning, 
leaving irregular cavities), or within the walls of the 
casting (detectable only by fracture, radiography, or 
machining). In special cases (wormy surface, zinc 
worms) the surface of the casting, usually in the vicinity 
of the gate, shows irregular depressions, shallow but 
elongated, and similar in appearance to worm tracks in 
mud. Upon shakeout, these depressions are often seen 
to be filled with a deposit o f zinc oxide and are 
sometimes associated with a poor fracture structure. 
Such wormy surfaces are usually associated with red 
and semi-red brasses or yellow brasses.

Possible Causes
The origin o f such nonmetallic inclusions may be the 
slag or dross formed in the melting furnace or crucible 
by metal oxidation, with or without reaction with 
siliceous material present in the charge or the furnace 
wall. Other sources may include fluxes or cover 
materials used in melting, or the products of deoxida­
tion with phosphor-copper, etc.
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F/g. 15-27. Illustration o f  a misrun in a marker.

Such materials, unless carefully removed before pour­
ing, become entrained in the metal stream during pour­
ing. If they are not trapped within the sprue or runner 
system they may enter the mold cavity, as a rule lodging 
at or below the cope surfaces, in re-entrant corners or 
against cores, where they become entrapped by the 
freezing metal.

Wormy surfaces (or zinc worms) may be caused by: a) 
gating systems causing metal turbulence; b) con­
taminated metal; or c) poor pouring practice.

Remedies
The formation of defect G 121 may be inhibited by: a) 
avoiding entrainment of slag or dross from the furnace 
while filling the pouring ladle; b) keeping ladles clean, 
and thickening the slag for ease in skimming by the 
addition of clean, dry silica sand or other coagulant; c) 
minimizing the use of fluxes wherever possible, and us­
ing dry graphite on the bath surface of induction fur­
naces to control excessive oxidation of melt; d) assuring 
that slag and dross are retained in the ladle or crucible 
during pouring, preferably by the use of “ teapot” pour-

Fig. 15-28. Brass disc, 200 mm (8 in.) in diameter, contain­
ing dross inclusions.

ing spouts; e) keeping pouring basins and sprues filled 
during pouring; f) using nonpressurized gating systems 
with suitable chokes; and g) locating machined surfaces 
in the drag half o f the mold.

Wormy surfaces (zinc worms) may be avoided by: a) 
adhering to gating and pouring practices listed above; b) 
avoiding interrupted or intermittent pouring (this is a 
m ajor cause); c) avoiding high pouring temperatures 
which cause excessive flaring of zinc; d) preventing even 
trace contamination of leaded alloys by silicon and /o r 
aluminum; and e) avoiding excessive residual phos­
phorus in red and semi-red brasses.
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Fig. 15-29. Casting with oxide film  inclusions. The metal 
entered the m old with turbulence, and aluminum oxide skins 
were trapped in the casting wall.

DEFECT G 142—OXIDE SEAMS OR SKINS

Oxide seams or skins are non-metallic inclusions in the 
form of skins which cause localized discontinuities in 
the casting. (Fig. 15-29).

Possible Cauçe
Formation of oxide skins may occur during the filling of 
the ladle or pouring the mold. These skins remain trapped 
in the liquid metal because of the effects of metal tur­
bulence. Alloys contain ing alum inum , silicon or 
chromium in substantial amounts are particularly prone 
to the formation of insoluble oxide films during melting 
and pouring, and hence are prone to this type of inclusion 
(see discussion of Group I alloys in Chapter 7).

Remedies
The formation of oxide seams or skins may be inhibited 
by: a) observing the gating and pouring practices recom­
mended for avoiding defect G 121 (oxide, dross and slag 
inclusions); and b) absolutely minimizing turbulence in 
transfer and pouring.

DEFECT G 144—HARD SPOTS

Defect G 144 consists of- hard inclusions, finely dis­
persed or sometimes rather large. The occurrence of 
hard spots is more common in the high tensile yellow

brasses, but may also be encountered in red and semi- 
red brasses. Hard spots are usually detected during 
machining, finishing, or surface treatment.

Possible Causes
High-Strength Yellow Brasses
Hard spots in high-strength yellow brasses may be caus­
ed by improperly dissolved alloying or metal-treatment 
agents, particularly iron.

Intermetallic compounds rich in iron, also containing 
silicon, zinc, copper and manganese formed by holding 
the molten metal for long periods at temperatures close 
to the melting point o f the alloy may also cause the for­
mation of hard spots. Form ation is promoted by pick­
up of silicon from sand and refractories, particularly in 
the presence of active flux covers such as those contain­
ing boron.67

In other copper-base alloys, iron arising from con­
taminated charge material, especially iron or steel shot 
from blast-cleaning operations or iron core wires, may 
cause hard spots to form.

Remedies
The formation o f hard spots may be inhibited by: a) us­
ing greater care in making alloying additions; b) 
avoiding prolonged holding periods, particularly at 
lower temperatures; c) avoiding the use of reactive 
fluxes containing boron; and d) eliminating tram p iron 
and steel from furnace charges.
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Chapter 16

QUALITY CONTROL OF 
COPPER-BASE ALLOYS

INTRODUCTION
The term quality control signifies an effort to assure 
that the manufactured product being shipped from the 
foundry meets the customer requirements in all respects, 
and at a cost which is mutually satisfactory to both sup­
plier and user. Economics is an important factor in 
determining the degree and sophistication of a quality 
control program, and should be measured in terms of 
the stringency of the application o f the product. For 
military use or critical engineering applications there are 
invariably specifications to be met, from which there 
can be little or no deviation. However, many commer­
cial products involve less severe service requirements 
and somewhat lower standards of quality. Before a 
foundry can establish a quality control program which 
is both effective and economical, it is essential that stan­
dards of casting quality be carefully defined and agreed 
upon in advance by both the producer and the user. The 
pricing structure for the parts being produced should be 
included in the agreement, which should also include the 
expense of quality control evaluations.

In the final analysis, the goal of a quality control pro­
gram is to ensure the integrity and utility of the castings 
being produced. Emphasis is placed on the soundness 
and appearance of the castings. Defective castings 
should be rejected immediately by the foundry, as op­
posed to being discovered after machining or assembly 
has taken place. The risks involved with defective 
castings reaching the consumer are even more severe 
when considered in light of product liability.

While the integrity of the finished castings must be 
monitored closely as part of the quality control pro­
gram, it is also important that the processes and 
materials used in producing the castings be monitored 
and controlled so as to minimize the chances of produc­
ing defective castings. This involves control of the 
manufacturing operations themselves.

Many test procedures, both destructive and 
nondestructive, have been developed for evaluating the 
integrity of castings and the quality o f the materials 
from which they are made. This chapter discusses 
various test methods. Since the complexity of some tests 
and their interpretations prevents adequate coverage in 
this book, such tests will be described in a general man­
ner only and references will be cited for further infor­
mation. Also included in this chapter are discussions of 
techniques and practical considerations for the control 
of various foundry processes.

CHARGE MATERIAL QUALITY 

Ingots
By far the largest proportion of castings made in this 
country utilize charges containing composition, or pre­
alloyed, ingot. Whereas the use of this material 
minimizes the problems associated with alloying of the 
furnace charge by the foundry itself, it does not 
eliminate the need to confirm that the ingot supplied by 
the smelter is of suitable quality. It is impossible to 
make high-quality castings from poor-quality ingot.

The quality test most directly applicable to ingot is 
that of chemical analysis, from drillings or other forms 
of sampling, to determine that alloying elements and 
impurities are within specified limits. (The methods of 
chemical analysis will be discussed in a later section.)

One method for obtaining drillings from selected 
sample ingots (per ASTM E-88-58, “ Sampling Nonfer- 
rous Metals in Cast Form for Determination of Chemi­
cal Composition” ) is to drill five holes approximately Vi 
inch in diameter at points equally spaced along a 
diagonal line between the ends o f the ingot. Drilling is 
done through the total thickness of the ingot from top 
to bottom. Such sampling is intended to “ average-out” 
any variations of composition within the ingot which 
might result from localized segregation during 
solidification.

The ASTM E-88-58 specification also permits sam­
pling by sawing or milling cuts made at the designated 
locations, from side to center, or through the entire in­
got cross-section.

Two general types of ingots are available, the 
“ sm ooth-top” and the “ rough-top,” whose surface 
condition and appearance depend on the manner in 
which the metal is skimmed and treated during pouring 
into the ingot molds. The differences between these two 
types of ingot have never been proven to  be highly 
significant and their choice is largely a m atter of per­
sonal preference.

Regardless of ingot type, the top surface should not 
exhibit a gray, greasy appearance caused by excessive 
amounts of aluminum and /or silicon (in alloys for 
which these elements are impurities). It is also important 
to note whether the ingot surface has a proper “ set,” or 
if it is puffed. The latter condition is a strong indication 
that the ingot is highly gassed due to improper refining, 
and is apt to cause trouble upon remelting. Puffed in­
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gots may also result, even with good-quality metal, 
from pouring into overheated iron molds. However, this 
condition is rarely encountered in ingots from reputable 
suppliers. For quality assurance, it is best to  reject 
shipments of ingot whose top surfaces do not exhibit a 
level to slightly concave appearance.

The fracture o f an ingot, while not too indicative of 
quality, should be uniform in color and free from slag as 
well as oxide inclusions and occluded gases.

The deep-etch test, usually consisting of the immer­
sion of an ingot cross-section in a nitric-hydrochloric 
acid solution, indicates relatively little regarding ingot 
quality and is therefore not recommended as a quality- 
control procedure.

The general requirements and tests for copper-base 
alloy ingots are given in ASTM Specification B30— 
“ Standard Specifications for Copper-Base Alloys in 
Ingot Form .”  This includes chemical composition 
specifications as well as mechanical property re­
quirements, and refers to other relevant standards on 
how these tests are to beconducted. Similar inform ation 
is available in the specifications promulgated by other 
sources.

Foundrymen are often reluctant to incur the addi­
tional expense involved in including routine or periodic 
chemical analysis in their quality control programs, 
whether by installation of in-house facilities or by use of 
commercial laboratories. As a cost-saving measure, in­
got deliveries are usually accepted on the basis of 
chemical analyses provided by the smelter. Composi­
tional changes resulting from remelting are often 
overlooked. This invariably leads to problems, in­
cluding:

• Errors in vendor analysis may go undetected, and 
incorrect alloys may even be received.

• The vendor analysis may not include all the poten­
tially harmful impurities present in any given lot of 
ingot.

• Remelting and recirculation of foundry scrap may 
cause losses of some elements and accumulation of 
undesirable impurities, leading to defective heats of 
castings.

The minimum mechanical property requirements for 
materials in ingot form are based upon values obtained 
from separately cast test bars. The types of bars used, as 
described in ASTM B208, may vary with the shrinkage 
characteristics of the alloy involved. This subject will be 
discussed more fully later in this chapter. It is improper 
and misleading to prepare test bars from sections cut 
from ingot since the properties of such samples show 
little correlation with those o f separately cast bars.

Tfial samples o f castings should be used as an aid in 
the determination of quality for any new lot of pur­
chased ingots. One or two molds of castings being pro­
duced by the foundry, preferably of typical section

thickness and geometry, can be poured and tested for 
various levels of whatever quality. All such trial castings 
should be poured from the same heat of metal; a 
separately cast test bar should also be poured for cor­
relation with mechanical property values.

This sample casting evaluation procedure can be used 
as a guide for the acceptability of ingot shipments; the 
standards required for acceptance should be established 
by mutual agreement between the ingot supplier and the 
foundry.

SCRAP
Virtually all foundries remelt the gates, sprues, risers 
and rejected castings generated during production. Such 
material, generally termed internal scrap, should be 
properly segregated during handling and storage within 
the foundry to avoid mixing with, or possible con­
tamination by, other alloys or materials. With successive 
remeltings there will be a decided trend for the gradual 
loss of volatile elements such as zinc, as well as an ac­
cumulation of contaminants such as iron. Depending 
upon melting and subsequent deoxidation practices, the 
level of residual phosphorus in the melted returns may 
drift to dangerous levels. This necessitates the periodic 
monitoring of the composition of the internal scrap be­
ing reused. It is a common error to ignore the variations 
in the analysis of the circulating internal scrap until it is 
too late and an epidemic of defective castings occurs.

In order to control the composition of returns being 
charged for remelting, storage and handling procedures 
should be considered. Avoid the use of large scrap bins 
placed next to a wall or partition in such a manner that 
the last material dumped into the bin will be the first 
material remelted. If such storage facilities are 
necessary, one solution is to provide two bins for each 
alloy, side by side. As one bin is being filled with 
material from cleaning and finishing operations, the 
other is being emptied during charging operations. In 
this way, the internal scrap is circulated for remelting in 
the approximate sequence it is being generated, tipis 
avoiding any abrupt composition changes in the charge.

A particularly serious contaminant in the case of the 
copper-tin-lead-zinc alloys is aluminum. Unfortunately, 
aluminum beverage cans and aluminum foil wrappers 
from foodstuffs or smoking materials are often allowed 
to be discarded indiscriminately. When these find their 
way into the melting furnace, even in small amounts, 
they may cause serious problems resulting in the rejec­
tion of all castings in the heat. Furthermore, the metal 
from such heats must be discarded and resold to the 
smelter since its reuse could cause the same problem in 
successive remeltings. The best solution to  such con­
tamination is to prohibit the presence o f aluminum cans 
and foil wrappers within the foundry, or to restrict their 
use to cafeterias or rest areas.

In some instances, foundries are faced with remelting 
of borings and turnings generated from the machining
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of the castings they have produced. The condition of 
such material should be closely monitored as it is re­
turned to the melting department to assure that it is not 
contaminated by moisture, oil, tram p iron, or other 
alloys.

When purchased scrap is used, nothing short of com­
plete analysis of each melt will assure freedom from 
contamination. Some forms o f purchased scrap are 
relatively reliable, such as heavy copper wire or bus bar 
and automotive radiators. Obsolete scrap from certain 
sources and applications may be reasonably reliable, 
however in most cases it will not have been properly 
sorted and therefore, can almost be guaranteed to result 
in contaminated heats. The principal purchasers of ob­
solete scrap are the smelters, who are adept at sorting 
and identification of mixed scrap and can remove 
reasonable levels of contaminant elements by refining 
techniques. Most foundries do not have established 
sources of consistent, reliable scrap nor do they have 
facilities for large-scale refining and analytical control. 
This explains the preference shown by most foundries 
for use of composition ingot, particularly when produc­
ing engineering castings with rigid quality standards.

CONTROL OF MELT QUALITY
The following section is intended to supplement the in­
formation on metal quality in Chapter 5 and to provide 
a number of practical guidelines relating to melting 
departm ent operations.

Furnace Atmosphere Control
As discussed in earlier chapters, hydrogen absorption by 
molten copper-base alloys is a serious problem since it is 
a common cause of porosity and weakness in finished 
castings. To minimize the absorption of hydrogen dur­
ing melting, the most effective measure is to minimize 
the amount of hydrogen in contact with the molten 
metal. In the case o f electric induction and arc furnaces, 
the principal source of hydrogen is the moisture in the 
air. For fuel-fired furnaces, the danger of hydrogen ab­
sorption is much greater because large volumes of water 
vapor are generated by the burning of the fuel, and this 
moisture is present in the products of combustion com­
ing into contact with the molten metal in the furnace.

Regardless of the type of furnace used, a technique 
for minimizing hydrogen absorption is to melt under a 
slightly oxidizing atmosphere. When properly con­
trolled, an oxidizing atmosphere over the melt will result 
in sufficient absorption of oxygen to suppress the 
hydrogen level to a low value. This technique is par­
ticularly effective with the copper-tin-lead-zinc alloys. 
The method for establishing and evaluating a suffi­
ciently (but not overly) oxidizing atmosphere has 
traditionally been based more on experience than on 
scientific techniques. This method varies with the type 
of furnace being used, as will be explained.

Induction Furnaces
Maintaining an oxidizing atmosphere with induction

furnaces is not a problem since the atmosphere in con­
tact with the molten metal is the ambient air, containing 
21% oxygen. Indeed, the problem of an atmosphere 
which is too oxidizing may occur, and may result in ex­
cessive drossing or melting losses. However, if melting is 
done rapidly, and the metal is poured as soon as the melt 
comes to temperature, few problems will be en­
countered with hydrogen or drossing. In cases o f pro­
longed exposure of the melt, it is often advantageous to 
provide a cover of some inert or slightly reducing 
material.

Fluxes which produce a glassy, slag-like cover are 
sometimes advocated. However, these materials should 
be used only with discretion since they may have a 
tendency to pick up moisture during storage, thereby 
adding to the hydrogen problem. These fluxes also have 
the disadvantages of eroding or building up on the walls 
o f the crucible or being entrained in the metal as it is 
poured. Often, a cover of graphite lumps or dry wood 
charcoal, free from pitch or other binders containing 
hydrocarbons, is preferable.

A rc Furnaces
Although once rather popular, arc furnaces find 
relatively little use in copper-alloy foundries today. 
W hether direct-arc or indirect-arc, these furnaces melt 
within a closed chamber. Air can find its way into the 
furnace through the taphole or around the electrode 
openings, although the rate of circulation of air is not 
great. The intense heat of the arc causes combustion of 
the graphite electrodes to occur by reaction with any 
oxygen present in the furnace atmosphere. This results 
in an atmosphere consisting essentially of nitrogen, car­
bon monoxide, and any residual moisture from incom­
ing air.

Suppressing hydrogen absorption in arc furnaces by 
flushing in excess air has been tried. This method, 
however, has the disadvantage of greatly increasing the 
rate of electrode consumption. The more common prac­
tice has been to seal off the taphole with a refractory ce­
ment so as to minimize the flow of air into the furnace. 
This practice depends upon keeping atmospheric 
moisture out o f the furnace as much as possible and is 
naturally most effective on days of low humidity. 
Should significant hydrogen absorption occur, the only 
remedy would be flushing the heat with dry nitrogen or 
an inert gas.

Fuel-Fired Furnaces
For purposes of discussion here, fuel-fired furnaces will 
be considered as either crucible- or hearth-type furnaces 
fired with natural gas, fuel oil, propane, or combina­
tions thereof. As stated above, since these fuels are all 
hydrocarbons (compounds of carbon and hydrogen) 
their combustion results in the formation of large quan­
tities of water vapor. The water vapor forms part of the 
visible flame which comes into contact with the molten 
metal before it is exhausted from the furnace. With the
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absence of any free oxygeen in the furnace atmosphere, 
the moisture in the flame, by its reaction with the 
molten metal, will allow dangerously high amounts of 
hydrogen to be formed and dissolved by the melt. This 
is the most common cause for the occurrence of porous 
copper-alloy castings and emphasizes the importance of 
close control of the furnace atmosphere in fuel-fired 
furnaces.

Over the years many attempts have been made by 
brass foundrymen to avoid or prevent hydrogen con­
tam ination in fuel-fired furnaces by the use o f a cover 
material on the surface of the molten bath. In general, 
this approach has been found to be ineffective, 
unreliable, or highly im practical. Porous cover 
materials such as charcoal do not prevent the moisture 
in the flame from reaching the melt surface, and serve 
only to react with any free oxygen present—thus adding 
to the problem of hydrogen contamination. The use of 
glassy, slag-like covers can be relatively effective in pro­
tecting the melt but there are many disadvantages. Most 
importantly, such covers prevent any oxygen in the fur­
nace atmosphere from-reacting with the bath. To over­
come this problem the British practice has been to add 
oxidizing materials, such as cuprous oxide, to the slag 
cover. At best, however, the use o f slag covers is a 
nuisance and a potential source o f inclusions in the 
castings. From a practical standpoint, their use shortens 
the life of crucibles and furnace refractories and reduces 
the thermal efficiency during melting by shielding the 
melt surface from radiant heat. In hearth-type furnaces 
the use of a slag cover makes it virtually impossible for 
the furnace operator to judge metal tem perature by 
observation of the degree o f flaring of zinc.

The most commonly accepted practice for a t­
mosphere control in fuel-fired furnaces, although im­
precise and dependent on operator experience, is to melt 
under slightly oxidizing conditions. This means adjust­
ing the fuel-to-air ratio of the burners so that slightly 
more air is used than that required for complete com­
bustion, with the result that a small amount o f free 
oxygen will be present in the flame. The precise amount 
of free oxygen desired has never been scientifically 
determined but authorities generally agree that the 
figure should be something like 2% of the volume of the 
gases in the products of combustion. This excess of 
oxygen, under normal circumstances, tends to saturate 
the melt with oxygen and thereby restrict the solubility 
of hydrogen to acceptably low levels. Subsequent deox­
idation to remove the dissolved oxygen will thus permit 
the metal to solidify without formation of visible 
porosity from either hydrogen alone or hydrogen/ 
oxygen reaction.

The most reliable method for assuring the presence of 
a slight excess of oxygen in the burner flame is to utilize 
a proportioning burner or other automatic control 
device which will constantly maintain the proper fuel- 
to-air ratio. Such controls are readily available today

and are strongly recommended as the most practical 
solution to atmosphere control.

On furnaces lacking automatic burner control, ad­
justment o f the fuel-to-air ratio has depended upon 
operator skill and experience. It has been observed, par­
ticularly for crucible furnaces, that the existence of a 
short, sharp exhaust flame having a slightly green tinge 
around the outer edge indicates a properly oxidizing at­
mosphere. It is a mistaken idea that a green flame is 
always oxidizing. A long, lazy green flame has been 
observed on numerous occasions where reducing condi­
tions actually exist. For this reason visual determina­
tion, unless made by a highly skilled operator, is often 
inaccurate. To be avoided at all costs is a yellow, 
yellowish-red or smokey flame. These are strong indica­
tions o f a reducing atmosphere.

A nother control technique, likewise imprecise 
although helpful, is the zinc test. W ith this technique, a 
small piece of clean slab zinc is held in the open exhaust 
flame from the furnace for about 5 seconds, and is then 
observed for surface appearance. If  the surface has 
become blackened, the atmosphere is highly reducing; if 
it has changed to a color ranging from straw-yellow to 
light gray, the atmosphere is slightly reducing; if  the 
color remains unchanged, the atmosphere is oxidizing to 
some degree. This test procedure also depends upon the 
experience of the operator and provides only limited 
control.

Combustion analysis equipment has been available 
for many years and is undoubtedly the most reliable 
means for obtaining an accurate, quantitative measure­
ment o f the composition of flue gases emerging from 
the furnace. Although care is required in gas sampling, 
rapid determination of the levels o f carbon dioxide, car­
bon monoxide, and free oxygen can be made. This is the 
recommended technique for monitoring of furnace at­
mospheres, regardless of whether or not the furnaces 
are provided with autom atic burners.

METAL TEMPERATURE CONTROL
Every foundry, large or small, should have some type of 
reliable equipment for measuring molten metal temper­
ature. Probably as many defective castings can be 
traced, directly or indirectly, to im proper pouring 
temperature as to any other condition in the foundry. 
Every casting has an optimum pouring tem perature, or 
temperature range, dependent upon such factors as 
casting size and shape, gating, number of pieces per 
mold, and so forth. It is fundamentally sound practice 
to pour any casting at the lowest tem perature which is 
practical in order to avoid misruns, cold shuts, and 
shrinkage. For large production foundries with con­
tinuous molding lines, autom atic pouring is the best 
means for control of pouring tem perature, mold to 
mold. In most cases, such consistency in pouring 
temperature control is not possible. This is due to 
temperature losses which occur during transfer of the
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metal from the furnace to the pouring station, as well as 
to the continuous temperature drop between the pouring 
of the first and last mold from a given ladle or crucible.

If the average amount of metal to be poured from a 
ladle was 200 lbs, the temperature drop during the pour­
ing of 10 to 15 molds could be expected to be at least 
100F (55C) and might well be as great as 150 to 200F (83 
to 111C). This temperature loss can be minimized by in­
sulating and covering pouring ladles; however, such pro­
cedures are impractical in cases where melting and pour­
ing are done using the same crucible.

In practice, it becomes necessary to establish the best 
method possible, starting with an initial pouring 
temperature which may be higher than desired, that will 
yield acceptable castings and at the same time allow the 
last mold to be poured without misruns or other defects 
attributable to low temperature. This judgment is not 
always easy to make since the defects associated with 
low pouring temperature are usually more immediately 
apparent than those resulting from pouring too hot. 
Thus, there is a tendency-to raise the initial pouring 
temperature (in order to allow a full ladle of metal to be 
poured without misruns) without carefully evaluating 
the soundness of the castings from the first few molds. 
Re-examination may show that the castings poured at 
the higher temperatures are consistently defective inter­
nally. In such cases, the initial pouring temperature 
must be lowered. Unless misruns can be avoided in the 
last molds poured (by re-gating or some other tech­
nique), the best solution is to pour fewer molds per 
ladle. In any case, good temperature control involves 
accurate temperature measurement immediately before 
pouring begins; this may necessitate two readings (one 
at the furnace and one at the pouring station) if the time 
lag between tapping and pouring is too great or 
variable.

There are many good pyrometers on the market today 
for measurement of molten metal temperature, virtually 
all of them being o f the immersion type. The most 
reliable and maintenance-free pyrometers utilize 
thermocouples enclosed in stainless steel protection 
tubes in which the hot junction of the couple is welded 
internally to the tip o f the tube. This allows for good 
heat transfer and rapid response, while permitting 
numerous immersions before replacement is required. 
M odern pyrometers utilize solid-state circuitry and are 
available either with dial-type scales or with digital 
readout. The latter are usually simpler for shop person­
nel to read and have better visibility from a distance. 
Personnel responsible for temperature readings should 
be trained in the techniques for using immersion 
thermocouples. Also, equipment should be checked at 
frequent intervals to ensure proper calibration.

Optical pyrometers are practically never used in brass 
foundries because o f wide variations in the emissivity of

the molten metal surface due to oxide and dross form a­
tion.

The control of metal temperatures within the furnace 
requires operator skill and experience since the use of 
pyrometers is rather impractical. With electric melting, 
recording power meters are a reliable means of predict­
ing the temperature of superheated metal in the furnace 
since the energy required to melt and superheat a given 
weight of metal tends to be rather constant for a given 
alloy, unless there are significant differences in melting 
and pouring cycles. W ith fuel-fired furnaces metal 
temperatures can be estimated on the basis of elapsed 
time after the burner is ignited, given constant alloy, 
charge weight, and furnace lining temperature. An ex­
perienced operator, particularly with hearth-type fur­
naces, becomes surprisingly adept at judging metal 
temperature by the degree of flaring of zinc when work­
ing constantly with a given red brass alloy. Even here, 
however, many factors such as small variations in 
barometric pressure and humidity can lead to errors in 
judgment.

TESTS FOR MELT QUALITY
Any test for evaluating melt quality, to be useful, must 
not only be sensitive and reproducible but must also be 
relatively quick and simple so that a decision can be 
made while the metal is still waiting to be cast. It ob­
viously serves little purpose to learn that a heat of metal 
is defective by finding that the castings are useless after 
the molds have been cast.

Traditionally, the foundryman has been required to 
make use of tests which involve visual, qualitative 
judgments of melt quality, based upon observations of 
the behavior of small samples allowed to solidify in test 
molds. One such test has been used to evaluate the 
solidification shrinkage behavior of the metal, as an in­
dicator of the level of dissolved gases. The other has 
been based upon the appearance of a fractured surface 
of sample castings, a characteristic which is related in a 
complex way to an interaction between alloy shrinkage 
and the release of dissolved gases during solidification.

Shrinkage Test
A relatively simple test is to cast a tapered cylinder o f 
the alloy, approximately 2 in. dia x 4 in. long, into a dry 
sand mold and to allow the sample to solidify slowly. 
The surface of the sample is preferably covered with a 
layer of insulating material such as vermiculite, im­
mediately after pouring, to prevent its freezing over 
prematurely. For narrow-freezing-range alloys such as 
aluminum bronze or pure copper (for which this test is 
particularly sensitive), gas-free heats will exhibit deep, 
localized piping from the surface downward. Heats con­
taining dissolved gases will exhibit a variety o f 
characteristics, ranging from reducing piping to internal 
blowholes. In extreme cases, the released gas may even 
cause exudation of molten metal from the surface of the 
casting.
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The test is less sensitive for alloys having wide freez­
ing ranges, since these materials, even when gas-free, ex­
hibit only moderate surface depressions as a result of 
solidification shrinkage. Badly gassed heats, however, 
will show a “ puffing” of the surface o f the sample and 
may give evidence of bubbling or “ spitting” as gas is 
released during freezing. High-leaded bronzes may ex­
hibit “ lead sweat”  when severely gassed.

Fracture Test
The fracture test involves the examination of a freshly 
broken cross-section o f a casting or cast specimen, 
noting any abnormalities in either the color or texture, 
or the presence of voids or inclusions. Valuable infor­
mation can be derived from such a test once the found- 
ryman has learned to distinguish between normal and 
abnormal fracture appearance for the alloy in question. 
Unfortunately, it is difficult to define specifically what 
is to be expected as normal or abnormal.

In order to learn how to correlate fracture appearance 
with metal quality it is necessary to prepare a series of 
fracture specimens for each alloy from heats melted and 
poured over a wide range o f conditions. For example, a 
heat melted under oxidizing conditions and severely 
overheated might then be used to cast a series of frac­
ture bars at 100F increments in pouring temperature 
(duplicate series could be cast, with and without deox­
idation). Similar series should be cast from heats melted 
under reducing atmospheres and from charges contain­
ing extreme levels of residual phosphorus. The effects of 
deliberate contamination with aluminum and silicon 
might also be noted. It should be emphasized that frac­
tured surfaces should be examined immediately, as they 
have a tendency to tarnish unless stored in a dry, inert 
atmosphere.

Those experienced in evaluating fracture appearance 
can distinguish, at least qualitatively, between hydrogen 
porosity, hydrogen/oxygen (steam reaction) porosity 
and shrinkage in the wide-freezing copper-tin-lead-zinc 
alloys. The test is most frequently applied for this 
family of alloys.

A variation o f fracture testing, as applied to high- 
strength yellow brasses (narrow freezing range) has been 
described by the U. S. Buships in its publication, 
Melting and M olding o f  Ferrous and Non-Ferrous 
Metals and Alloys, as follows:

“ A cup sample should be taken by pouring the metal 
into a finger mold, which consists o f a flat plate of 
cast iron or steel with half-round grooves approx­
imately 1 14 in. wide and 12 in. long. At a dull red 
color the solidified metal should be placed over a 
compressed air line by means of tongs, and the sam­
ple slowly cooled from the bottom to the top until 
most o f the heat is radiated. The test sample should 
then be immersed in water and bent in a vise with a 
heavy hammer until it breaks. The test bar should not 
fracture at an angle of less than 90 degrees and the

fractured surface should have a pink tinge with a
slight sparkle.”

Reduced-Pressure Test
Within the past few years a rapid, sensitive, and highly 
reproducible test has been developed which gives a 
quantitative measurement o f gases dissolved in a heat of 
copper-base alloy. The test procedures are the result of 
extensive research at the University of M ichigan-Ann 
Arbor, under the joint sponsorship of the American 
Foundrym en’s Society, the International Copper 
Research Association and the Brass & Bronze Ingot 
Institute. This test involves the carefully controlled 
solidification of a small sample of molten metal under a 
partial vacuum. The pressure at which a bubble forms 
during freezing, but fails to burst from the surface of 
the sample, is taken as a measure of the gas content of 
the sample.

For the first time in history, the brass foundry indus­
try now has a tool available with which it is possible to 
obtain a quick and accurate measure o f the level of 
dissolved gases in a melt before it is poured. This per­
mits corrective treatment prior to casting the metal, by 
methods discussed in Chapter 5.

DEOXIDATION PRACTICE FOR RED BRASSES 
AND TIN BRONZES
Comments were made in a previous section o f this 
chapter regarding the importance of monitoring the 
level of residual phosphorus in foundry returns being 
remelted. It has been pointed out that the phosphorus 
content of molten copper-tin-lead-zinc alloys, after 
deoxidation with phosphor-copper, should preferably 
be in the range of 0.010% to 0.030%. Below this range, 
the alloy may be gassed by moisture from the mold dur­
ing pouring, above this range the metal is not only prone 
to penetrate and react with sand molds to produce 
defective surface conditions but also, and more impor­
tantly, high residual phosphorus levels in the charge 
material prevent the melt fro m  absorbing oxygen even 
though the furnace atmosphere is adjusted to be slightly 
oxidizing as has been recommended.

The principal cause of high residual phosphorus is, of 
course, over-deoxidation. This usually occurs for one of 
two reasons: 1) porosity problems are erroneously 
thought to be the result of insufficient deoxidation, 
hence extra phosphorus is routinely added as “ in­
surance,” and 2) extra phosphorus is known to impart 
greater fluidity to the metal and, hence, is added to 
avoid misruns in thin castings, or when pouring cold 
metal. The deliberate practice of over-deoxidation is 
guaranteed to result in epidemics of gassy castings for 
copper-tin-lead-zinc alloys and will negate efforts to 
maintain low hydrogen levels during melting.

It is misleading to recommend, recipe-fashion, a 
specific phosphorus addition as standard procedure for 
deoxidation. This is because the proper addition actu­
ally depends on the oxygen content of the melt, and this
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will vary from one foundry to another according to 
charging and melting practice.

Experience has shown that, in general, satisfactory 
results can be expected by deoxidizing with about 1 V2 to 
2 Vi oz of 15%-phosphorus copper per 100 lb o f melt. 
This indicates that about one-half of the phosphorus 
added is expended in deoxidizing, leaving a residual 
level in the 0.010% to 0.030% range. The importance of 
controlling melting and deoxidation practices so as to 
keep the residual phosphorus level within the proper 
range cannot be overemphasized. Should this level start 
drifting up or down, the charge make-up (ingot/scrap 
ratio) or deoxidation level should be adjusted so as to 
reverse the trend as necessary.

Deoxidation should be assigned to responsible per­
sonnel and the practice followed should be designed to 
give consistent results. When separate pouring ladles are 
used, the deoxidizer may be added to the bottom  of the 
ladle immediately before tapping. The turbulence of the 
metal entering the ladle is sufficient to cause thorough, 
rapid mixing. Where thejmelting crucible is used for 
pouring, it is preferable to first skim off any surface 
dross or slag and then add the deoxidizer by plunging it 
beneath the surface and stirring quickly so that it melts 
before it can rise to the surface and be partially lost by 
oxidation in the air. If iron tools are used for this pur­
pose they should be coated with a dried refractory wash 
to prevent iron pickup by the melt.

The deoxidizer, if added in shot form, can be mea­
sured volumetrically by use of a properly sized cup. If in 
the form of lumps, the deoxidizer must be carefully pre­
weighed and placed in containers suitable for handling.

CASTING QUALITY CONTROL TESTS 

Purchasing Standards
In general, castings are purchased to meet the particular 
requirements of their end use, and casting-quality tests 
should therefore be specified to assure that the parts do 
indeed conform with such requirements. As an example, 
we may consider the requirements listed in ASTM 
B584-79, “ Standard Specifications for Copper-Alloy 
Sand Castings for General Applications” :

A . Materials and M anufacture
States the limitations on raw materials and 
manufacturing methods to be used;

B. Chemical Requirements
Lists the specified range and limits of elements 
comprising the alloy;

C. Mechanical requirements
Lists the minimum mechanical property re­
quirements as determined from separately cast 
test-bars and requirements for test-bar design;

D. Other Requirements
Comments on various special tests which may

be specified, such as pressure-tightness, frac­
ture testing, casting soundness compared to 
radiographic standards, etc.;

E. Workmanship and Finish
Describes general requirements regarding ap­
pearance, dimensions, and visible defects;

F. Casting Repair
Where permissible, describes size limitations of 
repairable defects and methods and conditions 
of repair.

All, these factors, which are of importance to both 
purchaser and producer alike, should comprise part of 
the purchase agreement and should be included in the 
foundry’s checklist for quality control.

The requirements for materials and manufacturing, 
included under point “ A ” above, have already been 
covered in this book. Earlier sections of this chapter 
have dealt with control of raw material quality and 
melting operations; Chapter 3 has covered process con­
trol points involved in molding and coremaking.

Chemical Requirements
Specifications for the chemical composition of pur­
chased castings include not only the acceptable range 
for each element desired in the alloy, but also the limits 
for the content o f various metallic impurities. Confor­
mance to chemical composition specifications is an in­
dication that the material will exhibit satisfactory 
chemical and physical properties. It also implies that the 
castings, if otherwise sound, are likely to have adequate 
mechanical properties.

The customer’s purchase agreement should specify 
the frequency of the testing and reporting of chemical 
composition. This may vary considerably, depending 
upon customer requirements and the severity o f the ap­
plication. For ordinary commercial castings, one anal­
ysis per order may suffice (or possibly one per day, in 
the case of long runs). Some customers, having first 
made a “ quality audit”  to satisfy themselves with the 
supplier’s quality control program and capability, may 
actually waive a report on chemical analysis while re­
serving the right to make random examinations of the 
customer’s laboratory records. For critical applications, 
it is not uncommon for the customer to require a cer­
tified chemical analysis for each heat of metal cast, with 
the castings themselves identified accordingly.

Procedures for chemical analysis will be discussed in a 
later section.

Mechanical Requirements
The most commonly specified mechanical properties are 
the static tensile properties (ultimate tensile strength, 
yield strength, elongation). In general, these properties 
are measured by testing separately cast tensile bars. The 
choice of test-bar mold geometry for copper-base 
alloys, so far as gating and risering are concerned,
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Fig. 16-1. Double, horizontal full-web type test bars.

depends somewhat on the solidification characteristics 
of the individual alloy. The specification most com­
monly used in the United States is ASTM B208-81, 
“ Standard Practice for Preparing Tension Test 
Specimens for Copper-Base Alloys for Sand Castings.” 
Included in this specification are three test-bar mold 
designs. The first (double keel block test-bar) is intended 
for narrow-freezing-range alloys such as aluminum 
bronzes, which are sensitive to turbulence and oxidation 
during pouring. A second (double, vertical web-type) 
bar is recommended specifically for wide-freezing-range 
alloys, while a third (double, horizontal full-web type) 
design is recommended for both classes of alloy. The 
latter bar design is shown in Fig. 16-1.

Note that the foregoing standards apply only to  sand 
castings. There are at present no comparable ASTM 
standards for test bars to be used for permanent 
molded, pressure die cast, centrifugally cast or con­
tinuously cast parts.

It is important for customers and producers alike to 
carefully consider the significance of separately cast 
test-bar properties. The casting designers would like to 
believe (and often do) that test-bar properties reflect 
those found in the castings themselves. Unfortunately, 
this is not necessarily the case. Casting properties may 
actually be higher than those indicated by the test bar 
because of faster cooling rates in the mold. On the other 
hand, the casting is prone to many defects related to 
pouring, gating arid risering* and molding which the test 
bar is not, and may therefore contain defects of struc­

ture not indicated by a test bar. These potential defects 
o f casting structure, visible or not, necessitate other 
methods of quality assurance testing. With these ideas 
in mind, it will be appreciated that the properties o f  
separately cast test bars indicate only the quality o f  the 
metal as it is poured into molds. In a sense, the 
mechanical properties of separately cast test bars rein­
force the results of chemical analysis, while providing 
added inform ation as to whether the metal has been 
damaged by dissolved gases, foreign materials, or im­
purities not detected by chemical tests.

The foregoing idea is expressed in ASTM B208-81 as 
follows:

“ 1.2 The test bar or bars poured in accordance with 
this recommended practice should be con­
sidered as representing the potential properties 
of the metal going into the castings poured from 
the same melt, but these properties are not 
necessarily the same as the corresponding prop­
erties o f the castings because of the effect of 
varying size, section and design.”

Although less prevalent than was once the case, some 
casting purchasers insist that test bars be cast as appen­
dages to the castings themselves. This practice per­
petuates the myth that the properties of such test bars 
reflect those of the casting. Actually, the attachment of 
the test bar to the casting could easily detract from the 
soundness of the casting at that location by disrupting 
the pattern of solidification. For large parts, the pour­
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ing temperature may be unnecessarily high in order to 
permit the smaller test bar to fill without misruns. This 
could easily damage casting properties in the case of 
wide-freezing-range alloys. As regards the test bar itself, 
its location and method of attachment are usually dic­
tated by casting and mold geometry, making it prone to 
all manner of defects associated with poor gating prac­
tice. For these reasons, the stipulation that test bars be 
poured as attachments to the castings should be avoided 
whenever possible.

Other Requirements
As a quality control tool, fracture tests made on the 
castings themselves can provide information to supple­
ment that derived from fracture testing o f melt 
specimens. Fracture locations for test castings should be 
chosen selectively so as to study not only the more 
representative areas of the part but also the critical loca­
tions, particularly those which are last to solidify and 
are therefore prone to show shrinkage or internal gas 
porosity. The latter include sections adjacent to gates 
and risers, or isolated heavy walls and bosses. The 
soundness of areas whicF are to be machined is par­
ticularly important.

Fractures are most easily controlled by making saw 
cuts, from one or both ends, in the desired plane of frac­
ture and then bending the casting while it is firmly held 
in a vise.

Many foundries use the fracture test routinely for 
evaluating the effectiveness of gating and risering 
systems on new or revised patterns, or in the establish­
ment of proper pouring-temperature ranges. The same 
test can be used to evaluate or diagnose the cause of 
defects in castings rejected by visual inspection or other 
quality tests. For example, parts which show leakage 
during pressure-testing should be fractured as closely as 
possible through the exact point (or area) of leakage. If 
sand or slag inclusions are found, the remedial action to 
be taken is rather obvious. The same is true when a 
smooth, unfused surface is exposed, indicating the 
presence of a cold shut. If, however, the fracture is 
porous or discolored at the location of leakage it is best 
to examine the fractures of adjacent areas before 
reaching a decision. If adjacent areas are homogeneous 
and sound in structure, and of uniform color, it is likely 
that the porosity is a localized condition which results 
from solidification shrinkage—perhaps the most com­
mon cause of leakers in copper-tin-lead-zinc alloys. 
Paradoxically, localized shrinkage in these alloys is 
more apt to occur with metal which is quite low in 
dissolved gases—in other words, with melts of high 
quality. Leakers caused by shrinkage porosity, in un­
machined areas of the casting, are often associated with 
hot spots such as re-entrant angles and fillets. Most 
often, leakage occurs at machined surfaces. This is 
because the relatively dense, sound surface layers of the 
casting wall have been machined away, leaving a rather 
porous internal section which leaks under pressure.

If examination of fractured areas adjacent to the 
point of leakage likewise shows discoloration and 
evidence of porosity, then there is reason to  suspect 
damaged metal conditions. This might mean that pour­
ing temperature was excessive or that severe m etal/m old 
reactions occurred. Gas porosity, in itself, does not 
usually cause leakage during pressure testing unless it is 
extremely severe. This is because gas voids tend to occur 
as small, isolated bubbles which do not interconnect 
with each other. The surface o f gas bubbles, when 
observed by fracture testing, appears relatively smooth 
and somewhat brassy in color. Shrinkage porosity, on 
the other hand, shows voids which are rough 
(dendritic). They may or may not be discolored. A fur­
ther complication in viewing porous areas is the fact 
that both solidification and gas porosity may be present 
simultaneously. Thus, it takes experience and a prac­
ticed eye to interpret fracture surfaces when diagnosing 
the causes of leakers.

Another im portant use of the fracture test is with 
polished ware such as that used for plumbing fixtures. It 
is not uncommon, after a polished casting has been 
chromium-plated, to find indications of surface por­
osity. Fracturing of parts will usually reveal whether the 
condition is restricted to the surface (and can probably 
be eliminated by a little extra polishing), or whether the 
porosity is widespread.

In the examination of fracture surfaces the foundry 
will benefit by investing in a good quality binocular 
microscope, capable of magnifications from about 5x to 
15x and providing high-intensity cross-lighting. 
Microscopic examination at low power of nearly any 
foundry material or product will usually disclose condi­
tions invisible to the naked eye. Such a microscope is 
one of the single most im portant pieces of equipment in 
any foundry quality control department.

Purchasers o f castings for use as pressure vessels 
(valves, fittings, etc.) almost invariably insist upon 
pressure-tightness as a casting requirement, reserving 
the right to subject the castings to tests for leakage, 
usually after machining, and returning all leakers for 
replacement. Foundries that produce such castings are 
faced with the problem of making sound parts without a 
reliable, economic method for testing them before ship­
ment. In some cases, jobbing foundries have equipped 
themselves with apparatus for pressure testing on a sam­
ple basis, however this is often neither effective nor 
practical. The most effective means of avoiding ex­
cessive customer returns due to leakage is to isolate the 
most common causes, based on past experience and 
trouble-shooting, and then establish reliable process 
control methods to avoid such defects.

Except for relatively critical applications and for cer­
tain alloys, tests of soundness by radiography are 
seldom required for copper-base alloys as a part o f a 
purchase specification. Such testing may be used,
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however, not only to verify the internal soundness of 
finished castings but as a means of evaluating gating 
and risering systems for new and experimental castings. 
(Additional comments on radiographic examination will 
be made in a later section.)

Workmanship and Finish
Purchase specifications related to workmanship and 
finish refer to visual quality standards. Generally stated, 
the requirements may indicate only that parts be of 
“ good” workmanship and “ free from injurious 
defects.”  Such general terms are obviously unsatisfac­
tory to either producer or user, since they are subject to 
individual interpretation. The subjects of surface 
cleanliness and finish, presence of any or all kinds of 
visible defects, and dimensional tolerances of the parts 
should be dealt with explicitly in the purchase agreement 
and clearly understood by both buyer and seller. Quality 
can never be absolute since it depends on a variety of 
design, material, and process factors. The minimum 
standards of quality should reflect those required for 
the application and should be rigorously enforced. The 
costs of m aintaining'such quality should reflect the 
number and kind of tests required and the process 
parameters involved.

Foundries and casting users, in striving for quality 
and reliability, should consider supplementing or replac­
ing the time-honored concept of 100% inspection with 
modern statistical quality control and acceptance sam­
pling techniques.

Casting Repair
Defect repair by such techniques as welding, plugging, 
impregnation or peening, although frequently effective 
and practical, should never be done without the full 
knowledge and consent of the purchaser. Although 
salvage by these techniques is permissible, the condi­
tions and limitations must be defined and understood by 
both supplier and purchaser. Cosmetic repair should not 
be considered in the same way as structural unsoundness 
repair. Weld repair is applicable to only a relatively few 
families o f copper-base alloys, and purchase agreements 
should stipulate in such cases that acceptable techniques 
are used, possibly including a weldability test (see 
ASTM B369-78, “ Standard Specification for Copper- 
Nickel Alloy Castings” ).

LABORATORY TESTS
Whereas a number of the tests previously discussed can 
or must be made on the foundry floor, there are others 
that must be conducted in a laboratory, often with 
sophisticated equipment operated by trained personnel. 
In a book of this scope, such tests can be considered 
only briefly and in general terms.

Chemical Analysis
In the past, practically all chemical analyses were done 
by the gravimetric and vplumetric methods of “ wet” 
chemistry. These techniques are accurate and reliable 
when properly conducted, and continue to be employed

today for the im portant purposes of “ referee analysis,” 
calibration of analytical standards, and the quantifica­
tion of unusual or non-standard elements in samples. 
Details for conducting wet chemical analysis for most of 
the elements commonly found in copper-base alloys are 
given in the following ASTM Standards:

E 478 - “ Chemical Analysis of Copper Alloys”
E 54 - “ Chemical Analysis of Special Brasses and 

Bronzes”
E 75 - “ Chemical Analysis o f Copper-Nickel and 

Copper-Nickel- Zinc Alloys”
E 88 - “ Sampling Non Ferrous Metals and Alloys in 

Cast Form for Determination of Chemical 
Composition”

Such analytical methods have the disadvantage of be­
ing quite slow, in most cases, making it virtually im­
possible to obtain results for production heats until well 
after the metal has been cast. This limits their value as a 
tool for process control. These methods also require a 
significant investment in laboratory facilities and the 
employment of trained analytical chemists. With 
today’s availability of equipment for rapid, accurate 
chemical analysis at moderate cost, foundries tend to 
rely on commercial laboratories for the special non­
routine analyses requiring wet chemical methods.

A number of different types o f sophisticated equip­
ment are now available, making it possible to obtain an 
analysis of a dozen or more elements in a sample, if 
necessary, within five minutes of its receipt. Where 
economically justified, as for large heats of metal or 
those intended for production of critical castings, these 
analytical methods can be used for monitoring the com­
position of the metal before it is cast. More commonly, 
the analyses are used to verify the composition of raw 
materials (ingot and scrap) being melted and to m onitor 
trends in alloy composition, based on periodic sampling 
of production materials. The most common methods 
used today for rapid chemical analysis are optical emis­
sion spectroscopy, x-ray fluorescence, and atomic ab­
sorption analysis. All are based on the measurement of 
some form o f radiant energy in the electromagnetic 
spectrum.

Optical Emission Spectroscopy
In the process o f optical emission spectroscopy, the sam­
ple material is exposed to the intense heat o f an electric 
arc. The radiant energy given off by the vaporized metal 
atoms is focused by a collimator lens onto a prism, or 
diffraction grating, which disperses the visible and 
ultraviolet radiation into a spectrum, or rainbow-like 
band of radiant energy. Since each element emits 
characteristic wavelengths of energy, detectors can be 
placed at various locations along the band in such a way 
as to measure the energy emitted by each element pres­
ent in the arc. Previously, the measurement of energy in­
tensity was commonly done by use of photographic 
film; the intensity o f particular spectral lines was read in
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comparison with known standards, calibrated in terms 
of the concentration of the metals present. Today’s 
spectrographs make use of photoelectric sensors which 
can amplify and cumulatively measure the amount of 
radiant energy emitted for any desired wavelength. The 
energy stored by these sensors can then be displayed 
directly, either on a strip chart, print-out sheet, or 
digital display screen in units o f percentage. A trained 
technician is required to operate such equipment. The 
equipment must be operated in a controlled environ­
ment and periodically checked for calibration by use of 
spectrographic standards for each element.

X-Ray Fluorescence
Whereas the optical emission spectrum of elec­
tromagnetic radiation contains hundreds of character­
istic energy bands, or wavelengths, for the various 
elements, the x-ray spectrum produced by fluorescence 
contains relatively few. This spectrographic technique 
involves the irradiation of a metallic sample with an 
x-ray beam of fixed wavelength. This causes the 
elements in the surface"of the sample to be energized, 
and to emit secondary, fluorescent x-rays. The 
wavelengths of the secondary x-rays are characteristic of 
the element producing them. The fluorescent x-rays 
from the sample are first caused to pass through a 
crystal, which serves to diffract the beam into a spec­
trum of x-rays of discrete wavelengths. The intensity of 
any given wavelength (selected to represent the element 
of interest) is then measured by highly sensitive detec­
tors such as scintillation counters. Cumulative emission 
energy values for the selected wavelength are auto­
matically recorded and displayed in percentage units.

Atomic Absorption Analysis
With atomic absorption analysis, metallic samples are 
first dissolved, usually in acids, to form solutions of 
metallic salts. The solution to  be tested is introduced 
slowly, as a fine mist, into the combustion chamber of 
the apparatus where it comes into contact with the in­
tense heat of an acetylene flame. The heat of the flame 
destroys the molecular bonds of the chemical com­
pounds in the solution and releases free metal atoms 
into the flame.

Light of a selected wavelength, characteristic of the 
metal being analyzed, is then passed through the flame 
and caused to fall on a photoelectric device. This light is 
produced by a hollow cathode lamp, a different lamp 
being required for each metal. For comparison pur­
poses, a separate beam of light from the lamp falls 
directly on the sensor, without passing through the 
flame.

Because of the metal atoms in the flame, a greater or 
lesser amount of the light from the lamp will be ab­
sorbed as it passes through, depending upon the concen­
tration of the metal present. The degree of absorption 
can be measured and recorded as a percentage value.

Since only one element at a time can be analyzed, this 
method is more time-consuming than is spectroscopy, 
although it is somewhat more sensitive and can be ap­
plied to wider ranges of analysis without problems of 
recalibration. Greater automation can be achieved by 
use of systems incorporating microprocessors, at 
somewhat greater initial cost.

Inductive Couple Plasma Analysis
Very recently the foundry industry has seen the use of 
the inductive couple plasma (ICP) system of analysis. 
Sample preparation is similar to that for atomic absorp­
tion analysis, however excitation of the sample is ac­
complished using a plasma-arc discharge in an inert gas 
such as argon. Analysis o f the energized sample 
resembles that o f mass spectroscopy. In spite of its ver­
satility, the system is relatively expensive and 
sophisticated at the present time and may find greater 
initial use in commercial laboratories or research 
centers.

For more detailed discussion o f these and other 
methods of chemical analysis the reader is referred to 
Part 42 of the A S T M  Annual Book o f  Standards.

MECHANICAL TESTING
The mechanical tests usually associated with copper- 
base foundry alloys are those for tensile properties, 
hardness and, much less frequently, impact strength.

Tensile Properties
The factors governing choice of design for separately 
cast test-bars, as related to the different families of 
alloys, were discussed in earlier sections of this chapter. 
The significance of test-bar properties and the limited 
value of their interpretation compared with actual 
castings was also emphasized.

In nearly all cases, copper alloy test-bars require 
machining before testing. (Machining dimensions are 
given in ASTM Standard B208-81.)

A wide variety of tensile testing machines of varying 
load capacity are available on today’s market, many 
featuring microprocessors and automatic digital 
readout. These will not be discussed in detail here. Con­
sideration should be given, however, to the recom­
mended procedures for conducting the tensile test for 
copper-base alloys, as detailed in ASTM Standard E8, 
“ Standard Methods of Tension Testing of Metallic 
M aterials.”  Many copper-base alloys are sensitive to 
strain rate (the rate of load application) so far as load- 
elongation behavior is concerned. This means that 
measurement of yield-strength by the offset method can 
be influenced by loading rate.

Hardness
In general, the hardness of an alloy is measured in terms 
of its resistance to penetration, or indentation under 
some specified indenter load. The Brinell test consists of 
forcing a hardened steel, or carbide ball of fixed
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diameter and under specified load, into the surface of a 
specimen. The diameter o f the impression is a measure 
of the volume of metal displaced. This information, 
together with the load applied, is used to calculate a 
hardness number. In practice, the hardness number can 
be read directly from a tabular chart as a function of the 
average diameter of the hardness indentation.

The Rockwell hardness test likewise employs an in- 
denter and a system for applying a selected load. In- 
denter size and m aterial, as well as the size of the 
applied load, can be varied in accordance with the hard­
ness range of the material being tested. The Rockwell 
test involves the application of an initial, m inor load 
after which the scale of the instrument is set to zero. A 
m ajor load is then applied, causing the scale reading to 
measure the distance of added indentation caused by ap­
plication o f the major load.

Although both tests find some application in the 
testing of copper-alloy castings, the Brinell test is 
generally found to be more reproducible and consistent 
since it employs a larger indenter which tends to 
“ average ou t”  variations in the cast structure such as 
grain size.

Hardness is related in a general way to strength, and 
therefore to chemical composition. This relationship is 
not precise enough to enable a prediction of ultimate 
strength or yield-strength from a hardness test alone. In 
some instances, however, the hardness value can be used 
with sufficient accuracy as the basis for sorting mixed 
batches o f materials o f different chemical composition 
or treatment.

For the large family of copper-tin-lead-zinc alloys, 
the utility of the hardness test is questionable. This is 
because the indentation resistance of these alloys is 
strongly affected by the presence of free lead in their 
microstructures, making it difficult to evaluate the true 
hardness of the matrix structure.

On the other hand, hardness testing is particularly ap­
plicable to the high-strength manganese bronzes, 
aluminum bronzes and other copper alloys hardenable 
by heat treatment, such as the beryllium coppers and 
chromium coppers. Such tests are used regularly in con­
trol work, both as an indicator of proper chemical 
analysis and to check response to heat treatment.

Hardness readings should be taken on a clean, flat 
casting surface which has been suitably ground for the 
purpose. The location should be such that the underside 
o f the casting can be firmly supported by the anvil o f the 
testing machine to avoid any movement during applica­
tion of the load. Testing o f thin sections ( lA  in. or less) is 
risky when dealing with soft materials because of the 
possible interference o f the supporting anvil with the 
travel of the indenter, thereby giving false readings. In 
selecting the location of 'hardness testing on sample 
castings, consideration should also be given to whether

the hardness indentation will m ar or otherwise damage 
the casting for its intended use.

Impact Strength
Most copper-base alloys are inherently notch-tough and 
not subject to  embrittlement at low temperatures. For 
this reason, measurement of impact strength is not a 
common requirement. The impact strength test involves 
measurement of the energy absorbed in the bending 
and /or breaking of a specimen by the blow of a swing­
ing pendulum. The most common specimen design is the 
Charpy bar, having a 10 mm x 10 mm square cross- 
section and provided with a notch at mid-length (the 
point of impact during testing). The notch may be in the 
form of a “ V,”  as is the usual case for ductile materials, 
or may be keyhole-shaped. During testing, the specimen 
is held securely in an anvil which is designed to position 
the point of impact against the un-notched face in 
precise alignment with the centerline of the notch. The 
test is intended to give an indication of the resistance of 
the material to cracking and brittle failure under 
dynamic shock loading. For further details o f specimen 
design and test procedure the reader is referred to the 
appropriate general ASTM standard covering the im­
pact testing o f metallic materials.

RADIOGRAPHIC INSPECTION
Radiographic examination of metallic objects is a means 
of observing internal defects non-destructively by using 
either x-rays or gamma-rays. The source of radiation 
may be either an x-ray tube, designed to produce radia­
tion o f the desired wavelength and intensity, or may 
consist of a radioactive isotope which emits gamma- 
rays. The density and thickness of the material to be ex­
amined, as well as the relative severity of the defect to be 
detected, will determine the type of radiation used.

Both x-ray and gamma-ray radiation have extremely 
short wavelengths, which are of the same order of 
magnitude as the spacing between the atoms comprising 
the crystalline structure of the metal casting. This per­
mits the radiation to pass slowly through solid objects, 
at a rate which is proportional to the density of the 
material. In areas where the radiation encounters less 
dense structures such as voids or non-metallic inclu­
sions, it passes through at a greater rate than elsewhere. 
Therefore, if a photosensitive material such as a fluores­
cent screen or photographic film is placed beneath the 
test piece, the location and shape of internal defects can 
be observed from  the images formed by the variations in 
the degree o f radiation which has passed through the 
test piece.

Effective use of radiography depends upon skillful 
application o f test procedures and experience in the in­
terpretation o f radiographic images. As with any test, 
there are distinct limits to its sensitivity. This makes it 
most difficult, for example, to detect narrow cracks or 
seams in the test piece, however serious such defects 
may be.
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Radiographic inspection tends to be slow and costly. 
These factors must be considered by both user and pro­
ducer in terms of casting cost, and weighed against the 
value of the test in assessing the internal soundness of 
the parts. A foundry not experienced in making castings 
to radiographic standards of soundness should not 
assume that the only increment in cost will be that of the 
additional testing required. Production costs will also, 
as a minimum, include the replacement or salvage (if 
possible and permissible) of defective castings. It may 
be found, in fact, that the attainment of adequate inter­
nal soundness can be accomplished only by a significant 
change in foundry processes. In other words, some jobs 
may be found to exceed the process capability of the 
contracting foundry. Any foundry planning to produce 
high-integrity castings should first evaluate its ability to 
do so.

In the gating and risering of new castings which are 
unusually large, or which must be of high integrity, it is 
often economical and desirable to evaluate the sound­
ness of pilot runs by means of radiographic examina­
tion. This can be cheaper in the long run than trial-and- 
error changes made during production runs. Most com­
monly, of course, radiography is used as a verification 
procedure for final casting inspection, as part of the 
custom er’s purchase specification.

As is true for external defects, the internal soundness 
of a casting is never an absolute condition. Unsound­
ness is a m atter of degree, and the perfect casting has yet 
to be made. It thus becomes the responsibility of the 
casting designer to decide, for each class of internal 
defect, what limits must be set on defect size and loca­
tion to avoid undue risks of service failure. In some 
cases this can be considered by the designer as an

awesome responsibility. Designers may tend to specify 
internal soundness standards so that no defect may be 
present beyond a level barely detectable by radiography. 
This provides the ultimate confidence possible, assum­
ing that such conditions can be attained at all, regardless 
of cost and delivery requirements. More realistically, ex­
perienced designers recognize that some types of defects 
pose lesser hazards than do others and many can be in­
nocuous when restricted to low-stress areas. On this 
basis, the American Society for Testing and Materials 
has developed and promulgated a series of visual 
radiographic standards, representing varying severity 
levels for each of several different classes of defects. 
Such standards can be used by the purchaser of castings 
to define specific levels of soundness required, as part of 
the purchase agreement. Figures 16-2 through 16-5 are 
included to illustrate radiographs showing internal un­
soundness in different classes of copper alloys.

Foundries involved with radiographic inspection of 
castings, even those which do not have in-house equip­
ment, should familiarize themselves at least generally 
with techniques and interpretation. Recommended 
reading includes the following sections from the A  STM  
Annual B ook o f  Standards, Part 11, “ Metallography 
and Non Destructive Testing” :

E 142 - “ Controlling Quality of Radiographic Testing” 
E 272 - “ High Strength Copper Base and Nickel- 

C o p p e r  A llo y  C a s tin g s  (R e fe re n c e  
Radiographs)”

E 310 - “ T in  B ro n z e  C a s tin g s  (R e fe re n c e  
Radiographs)”

E 94 - “ Recommended Practice for Radiographic 
Testing”

Fig. 16-2. Radiograph o f  manganese-aluminum-bronze showing feathery shrinkage.
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16-3. R adiograph o f  manganese-alum inum -bronze showing spongy shrinkage.
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F/g. 76-4. Radiograph o f  tin bronze showing porosity.
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F/g. 76-5. Radiograph o f  tin bronze showing linear shrinkage.



METALLOGRAPHY
Metallography involves sectioning and polishing a metal 
sample, etching its surface to reveal its crystalline struc­
ture, and then analyzing the nature of this structure by 
observation under a microscope. Whereas sample 
preparation and photographing of microstructures can 
be accomplished by trained technicians, it usually re­
quires a trained metallurgical engineer to interpret struc­
tural features which relate to quality standards as af­
fected by process parameters. The reader is referred to 
ASTM Standard E 2, ‘‘Preparation of Micrographs of 
Metals and Alloys” and E 3, “ Preparation of 
Metallographic Specimens,”  both of which are con­
tained in Part 11 of the A S T M  Annual B ook o f  Stan­
dards.

The importance of microscopic examination (most 
commonly at magnifications from 50x to  150x) lies in 
the fact that casting properties are strongly influenced 
by structural features such as grain size and shape, loca­
tion and distribution of non-metallic inclusions, 
segregation, lead particle distribution, unwanted 
metallic compounds, and heterogeneous distribution of 
alloy phases. W ith copper-base alloys, some of the most 
common uses of microscopic examination are for 
monitoring the effects of heat treatment of aluminum 
bronzes, and verifying proper lead particle shape and 
distribution in the leaded bronzes.

Porosity, whether caused by shrinkage or gas, tends 
to be rather coarse in appearance and can best be 
evaluated at low magnifications of 5x to 15x. This is 
referred to as macroscopic examination. The same tech­
nique can be applied to polished surfaces or to deeply 
etched samples where the evaluation of dendritic freez­
ing behavior is desired (or other large-scale features of 
the sample).

DYE PENETRANT INSPECTION
The dye penetrant procedure is designed to detect flaws 
which extend to the surface o f the casting, but which 
may be difficult or impossible to see with the unaided 
eye. Cracks (hot tears) and seams (cold shuts, oxide film 
inclusions) are the principal kinds of defects which can 
be found by such inspection. Defects of this type are 
often critical under service stresses, where they may 
cause failure of the casting.

Castings to be inspected are first cleaned and dried to 
remove any interfering films o f oil or other foreign 
material. The castings are then either sprayed with, or 
immersed in a tank of penetrant fluid—a material of 
low surface-tension and containing either a brightly col­
ored dye or a fluorescent material. The penetrant fluid 
is allowed to seep into exposed cracks and seams by 
capillary action. Parts are then cleaned thoroughly of 
excess penetrant, again dried, and then coated with a 
thin layer of developer—*a quick-drying fluid containing 
a fine suspension of chalk-like material. The thin, 
porous coating formed when the developer dries acts as

an ink blotter, causing any dye retained in cracks in the 
casting surface to seep out where it can be seen. Where 
fluorescent materials are used in the penetrant (common 
in the mass inspection of small parts), inspection is done 
in a darkened area under an ultraviolet (black) light.

This inspection method is relatively inexpensive, can 
be mechanized to save time, and will reveal defects nor­
mally missed by both visual and radiographic inspec­
tion.

MISCELLANEOUS
Other special quality tests may sometimes be required. 
These may include the measurement of physical proper­
ties such as electrical conductivity (or resistivity), 
magnetic behavior, damping characteristics and thermal 
conductivity. Parts for corrosive applications may re­
quire tests to demonstrate their resistance to stress- 
corrosion, dezincification or resistance to salt-spray or 
other environments designed to simulate accelerated ser­
vice conditions.

No discussion of the control of quality of copper-base 
alloy castings would be complete without consideration 
of molding and coremaking materials and processes, 
which can be referred to in-depth in Chapter 3.
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Chapter 17 

PROPERTIES OF CAST COPPER-BASE ALLOYS

17-3, respectively. Closely allied with these values are 
those for limiting creep-strength at elevated tempera­
tures, as listed in Table 17-4. Although somewhat 
limited in scope, these data represent the major part of 
that which is available for cast copper-base alloys.

Other important properties compared for the most 
common alloys are machinability (Table 17-5), bearing 
and bushing characteristics (Table 17-6), and joining 
(welding, brazing, soldering) characteristics (Table 17-7).

Useful data on the corrosion resistance of copper- 
base alloys in various chemical environments is shown 
in Table 17-8.

Table 17.1 - Typical Properties o f  Copper-Base Alloys

NOMINAL CHEMICAL ANALYSIS TENSILE PROPERTIES
UNS

Number Alloy Name Cu Sn Pb Zn Fe AI Others UTS, ksi YS, ksi Elong.,
%

E, psi
X 106

C81100 Copper 100 28 4 45 17
C82500 Beryllium copper 97 2Be, .5Co 80 40 20 18

C83450 Leaded red brass 88 2.5 2 6.5 1 Ni 37 15 34
C83600 85 5 5 5 38 16.5 34 12
C83800 83 4 5 7 36 16 30

C84400 Leaded semi-red 81 3 7 9 34 14 27 10
C84800 brass 76 2.5 6.5 15 38 14.9 37 15

C85200 Leaded yellow 72 1 3 24 38 13 40 13
C85400 brass 67 1 3 29 34 12 35 13
C85700 61 1 1 37 .3 52 18 50

C86200 Manganese bronze 64 26 3 4 3 Mn 94 48 22 15
C86300 62 25 3 6 4 Mn 120 69 16 14
C86400 58 1 38 1 1 .5 Mn 69 26 23 13
C86500 58 39 1 1 .5 Mn 72 30 37 15

C87200 Silicon bronze 92 4 4 Si 60 25 40 17
C87500 Silicon brass 82 14 4 Si 67 32 20 15

C90300 Tin bronze 88 10 2 48 21 36 15
C90500 88 8 4 47 20 38 15

C92200 Leaded tin bronze 88 6 1.5 4.5 42 18 43 13
C92300 87 8 1 4 44 18 35 14
C92600 87 10 1 2 44 20 32 14

C93200 High-leaded tin 83 7 7 3 40 18 35 15
C93500 bronze 85 5 9 1 35 17 30 12
C93700 80 10 10 39 18 30 12
C93800 78 7 15 34 17 30 10
C94300 70 5 25 27 14 20 11

C95200 Aluminum bronze 88 3 9 82 27 40 17
C95300 89 1 10 77 28 21 16
C95400 , 86 4 10 90 35 15 18
C95500 81 4 11 4 Ni 102 43 11 19
C95800 81.5 4 9 4.5Nİ, 1 Mn 96 38 25 19

C96400 Cupronickel 30% 67 1 30Nİ, 1 Nb 70 40 25 21

C97300 Leaded nickel « 57 2 9 20 12 Ni 39 17 35 16
C97400 silver 60 3 5 16 16 Ni 40 17 30 16
C97600 64 4 4 8 20 Ni 48 26 22 19
C97800 66 5 2 2 25 Ni 58 33 15 19

This chapter covers, in tabular form, the various prop­
erties of commonly used cast copper-base alloys. Typi­
cal properties, as opposed to the minimum values men­
tioned in the various specifications in Chapters 1 and 2, 
are dealt with here.

Covered in this chapter are such mechanical and 
physical properties as tensile and yield strengths, 
modulus of elasticity, Brinell hardness, compression 
strength, impact strength, electrical and thermal con­
ductivity and specific gravity. These properties are 
shown in Table 17-1.

Tensile properties at elevated temperatures and 
cryogenic temperatures are listed in Tables 17-2 and
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Table 17.1, continued

UNS
Number Alloy Name

COMPRESSION
STR.

.001 in. .010 in.
set set

Bhn Impact* 
ft. lbs.

Fatigue** 
str., ksi.

Spec.
gravity

Thermal 
cond.% 
of copper

Electrical
cond.

% IACS

C81100 Copper 40 C-45 8.9 100 100
C82500 Beryllium copper 150 8.3 30 20

C83450 Leaded red brass 10 14 55 13 8.8 20
C83600 14 18 65 C-11 11 8.8 18 15
C83800 12 63 I-8 8.7 18 15.2

C84400 Leaded semi-red 55 8.7 18 16.6
C84800 brass 13 16 58 C-12 11 8.8 18 16.5

C85200 Leaded yellow 9 46 8.5 21 18.6
C85400 brass 9 55 8.5 23 19.6
C85700 77 8.4 22 21.8

C86200 Manganese bronze 50 180 1-12 7.9 9 7.4
C86300 71 97 235 C-14 25 7.7 9 7.7
C86400 23 88 I-30 8.2 22 19.3
C86500 24 35 130 C-30 21 8.3 22 21.5

C87200 Silicon bronze 19 87 I-30 8.3 7 6.1
C87500 Silicon brass 27 43 120 C-32 22 8.3 7 6.5

C90300 Tin bronze 80 1-10 13 8.7 19 10.9
C90500 13 70 C-14 8.7 19 12.4

C92200 Leaded tin bronze 15 18 64 C-19 11 8.7 18 13.8
C92300 10 70 1-14 8.8 18 12.3
C92600 13 70 I- 9 8.8 13 10.8

C93200 High-leaded tin 67 16 8.9 15 12.4
C93500 bronze 13 60 I- 8 8.9 17 14.9
C93700 18 22 65 C-11 13 9.0 12 10.0
C93800 15 61 I- 5 10 9.2 13 11.6
C94300 13 55 I- 5 9.4 16 9.0

095200 Aluminum bronze 28 125 I-40 23 7.5 13 12.2
C95300 20 140 I-30 22 7.5 16 15.1
C95400 160 1-15 30 7.5 15 13.0
C95500 195 C-9 32 7.5 11 8.9
C95800 35 48 160 C-15 31 7.5 11 8.9

C96400 Cupronickel 30% 140 C-78 18 8.9 8 8.9

C97300 Leaded nickel 60 8.9 7 6.5
C97400 silver 65 8.9 7 5.4
C97600 24 31 80 C-11 15 8.9 6 5.0
C97800 130 8.9 6 4.6

*l-lzod C-Charpy
* * Endurance limit - (100 million cycles)



Table 17-2. E levated Temperature Properties o f  Cast C opper Base-A lloys

80F (27C)

Temperature

250F (121C) 300F (149C) 350F (177C)
UNS. No. Alloy Name TS YS %E TS YS %E TS YS

C92200 Navy M 40 16 46 39.5 13 45
C93700 80-10-10 39.5 17 30 33 15 21
C83600 85-5-5-5 35 15 31 32 14 27
C84400 81-3-7-9 30 12 25 25.5 10.2
C84800 76-2V2-6V2-15 38 16. 35
C86500 Manganese bronze 71 30 40
C86300 Manganese bronze 118 68 19
C95400 Aluminum bronze 95 36 18
C97600 20% Nickel silver 48 26 20
C87200 Silicon bronze 42 15 27
C87500 Silicon brass 68 30 19
C95700 Mn-AI bronze 105 46 25 102 49

400F (204C) 450F (232C)
o/oE TS YS %E TS YS %E TS YS %E

18.5

54
105

30
67

60
22

24
33

90
35

9.8
12

32.5
20

16.8
28

16
16

25

30
30

44
91

68
97

15
12

30
63

30
47

18
26

53
29

22
22

500F (260C)
Temperature

550F (288C)
TS YS %E TS YS %E

C92200 Navy M 28 13 20
C84400 81-3-7-9 22 9.5 16
C84800 76-2V2-6V2-15 28 12 22
C95400 Aluminum bronze
C97600 Silicon bronze 34.5 12 21
C87500 Silicon brass 56 30 12
C95700 Mn-AI bronze 92 42 18
TS - Tensile strength, ksi 
YS - Yield strength, ksi 
%E - Elongation, percent

600F (316C) 
TS YS %E

80
29

35
12

15
15

Table 17-3. L ow  Temperature Properties o f  Cast Copper-Base A lloys

Temperature
-4 2 4 F  (-253C )80F Î27C1 -4 0 F ( - 40C) -1 0 7 F  (177C) -3 1  OF (190C)

UNS No. Alloy Name TS YS %E TS YS %E TS YS %E TS YS %E TS YS %E

C90500 Navy G 40.2 18.6 31.3
45.3
54

30.5 15.3 
12C92200

C92700
Navy M 
88-10-2-0

40
44

16 46
30

42 20 45
60 9

C93700 80-10-10 39.5 17 30 42 20 28
C83600 85-5-5-5 35 15 31 39 18 39
C84800 76-21/2-61/2-15 38 16 35 40 18 35
C86500 Manganese bronze 71 30 40 73 31 31
C86300 Manganese bronze 118 68 19 120 /U 15

85.9 42.6 25C95300 Aluminum bronze 70.3 29 33
C97600 20% Nickel silver 48 26 20 51 30 22
C87500 Silicon brass 68 30 19 69 32 19

129 62 15C95700 Mn-AI bronze 105 46 25 116 55 28

TS - Tensile strength, ksi 
YS - Yield strength, ksi 
% E - Elongation, percent
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Table 17-4. L im iting Creep Strength o f  Cast Copper-Base A lloys

Creep Strength, ksi
(for creep rate of 0.1% per 10,000 hr)

250F 350F 450F 500F 550F 600F 700F 800F 900F

UNS No. Alloy Name (121C) (171C) (232C) (260C) (288C) (316C) (371C) (427C) (482C)

C92200 Navy M 16.0 11.2 6.2
C93700 80-10-10 10.4 7.4 1.8
C83600 85-5-5-5 12.5 11.1 7.0
C84800 76-2V2-6V2-15 11.9 8.0 3.0
C86500 Manganese bronze 28.0 6.2 1.7
C86300 Manganese bronze 56.5 19.0 0.5
C97600 20% Nickel silver 32.5 22.2
C87500 Silicon brass 28.0 11.0 1.4
C95700 Mn-AI bronze 20.4 4.2 2.3
C95200 Aluminum bronze (88-3-9) 7.2 4.6 1.6 1.4
C95400 Aluminum bronze (86-4-10) 7.4 4.0 2.3 1.2
C95500 Aluminum bronze (81-4-11-4) 10.5 5.5 2.4

Creep Strength, ksi
(for creep rate of 1.0% per 10,000 hr)

250F 350F 450F 550F
UNS No. Alloy Name (121C) (177C) (232C) (288C)

C92200 Navy M . 25.6 14.1 10.2
C93700 80-10-10 15.9 11.0 4.2
C83600 85-5-5-5 22.3 13.5 9.9
C84800 76-2V2-6V2-15 16.4 13.0 8.0
C86500 Manganese bronze 35.2 9.6 4.2
C86300 Manganese bronze 29.0 4.4
C87500 Silicon brass 38.0 19.3 6.8

Table 17-5. Machinability Ratings o f  Several Copper Casting Alloys

Machinability
UNS number Common name rating (a), %
Group 1—Free-cutting Alloys
C83600 Leaded red brass 90
C83800 Leaded red brass 90
C84400 Leaded semi-red brass 90
C84800 Leaded semi-red brass 90
C94300 High-leaded tin bronze 90
C85200 Leaded yellow brass 80
C85400 Leaded yellow brass 80
C93700 High-leaded tin bronze 80
C93800 High-leaded tin bronze 80
C93200 High-leaded tin bronze 70
C93500 High-leaded tin bronze 70
C97300 Leaded nickel brass 70

Group 2—Moderately Machinable Alloys -
C86400 Leaded high-strength manganese bronze 60
C92200 Leaded tin bronze 60
C92300 Leaded tin bronze 60
C90300 Tin bronze 50
C90500 Tin bronze 50
C95600 Silicon-aluminum bronze 50
C95300 Aluminum bronze 35
C86500 High-strength manganese.bronze 30

Group 3—Hard-to-Machine Alloys
C86300 High-strength manganese bronze 20
C95200 9% aluminum bronze 20
C95400 11 % aluminum bronze 20
C95500 Nickel-aluminum bronze 20
(a) Machinability rating expressed*as a percentage of the machinability of C36000, free-cutting brass. The rating is based on relative speed for
equivalent tool life. For instance, a material having a rating of 50 should be machined at about half the speed that would be used to make a similar 
cut in C36000.
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Table 17-6. Bearing and Bushing Properties o f  Copper-Base Casting A lloys

Leaded 
materials 
in order of 
decreasing lead UNS Number Cu

Chemical 
Composition 

Sn Pb Zn
Brinell

Hardness
Compressive 

Yield Strength
C94300 70 5 25 48 14,000
C93800 78 7 15 55 16,000 Higher Lower Lower More Lower

Leaded Tin C93700 80 10 10 63 20,000 Speeds Loads Operating Abrasive Shaft
Bronzes C93200 83 7 7 3 60 21,000 to Lower to Temper­ Conditions Hardness

C83600 85 5 5 5 60 16,000 Speeds Higher atures to Less to
C92700 88 10 2 70 32,000 Loads to Higher Abrasive Higher

Non-Leaded Tin Operating Conditions Shaft
Bronzes C90500 88 10 0 2 65 ■26,000 Temper­ Hardness

C90300 88 8 0 4 68 25,000 atures
(Fe) (AI)

Aluminum Bronze C95400 88 4 11 195 31,000 s /  \ /  sy \ /

Table 17-7. Joining Characteristics o f  Copper-Base Casting Alloys

UNS No. Alloy Name

Inert Gas 
Tungsten 

Arc 
Weldability

Inert Gas 
Consumable 

Arc 
Weldability

Oxy-
Acetylene
Weldability

Carbon
Arc

Weldability

Metal-
Arc

Weldability Brazeability Solderability

C90300
C90500

Tin bronze B B B B B A A

C92200
C92300

Leaded tin bronze B B B B B A A

C93200
C93500
C93700
C93800
C94300

High-leaded tin bronze C C C C •c A A

C83600
C83800

Leaded red brass C C C C B A A

C84400
C84800

Leaded semi-red brass C C C C B A A

C85200
C85400

Leaded yellow brass C C C C C B A

C86400 Leaded Mn bronze C C C C C B A

C86200
C86300
C86500

Manganese bronze A A A A A A A

C95200 Aluminum bronze A A B B A C* C*

C95300
C95400
C95500

Aluminum bronze 
(as cast)

A A A A A C* C‘

C97300
C97400
C97600
C97800

Leaded Ni silver C C C C C B A

C87200 Silicon bronze B B A B B B C

C87500 Silicon brass B B B - - B C

C96400 Cupronickel (70-3Q) A A A - A A A

C81100 Copper (deoxidized) A A A B - A A

A-G ood B -F a ir C - Poor ‘ with special flux
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17-8. Corrosion 

Ratings 
of 

Cast Copper M
etals 

in 
Various 

M
edia



S ulfu r trioxide, dry A A A A A A A A A A A A A A
Sulfu ric  acid

78%  or less B B B B B C C C C A C C B B
78%  to 90% C C C C C C C C C B C C C C
90%  to 95% C C C C C C C C C B C c C C
Fuming C C C C C C C C C A C c C C

Tanic acid A A A A A A A A A A A A A A
Tartaric acid B A A A A A A A A A A A A A
Toluene B B A A A B B B B B B B B A
Trichlore thylene, dry A A A A A A A A A A A A A A
Trichlore thylene, m oist A A A A A A A A A A A A A A
Turpentine A A A A A A A A A A A A A A

Varnish A A A A A A A A A A A A A A
V inegar A A B B B C C C C B C C A B

Water, acid m ine C C C C C C C C C C C C C C
Water, condensate A A A A A A A A A A A A A A
Water, potable A A A A A A B B B A A A A A
W hiskey (b) A A C C C C C C C A C C A C

Zinc ch loride C C C C C C C C C B C C B C
Zinc sulfate A A A A A C C C C B C A A C

Note: ratings:
A, recommended;
B, acceptable;
C, not recommended.

(a) Acetylene forms an explosive compound with copper when moist 
or when certain impurities are present and the gas is under 
pressure. Alloys containing less than 65% Cu are satisfactory 
under this use. When gas is not under pressure other copper 
alloys are satisfactory.

(b) Copper and copper alloys resist corrosions by most food 
products. Traces of copper may be dissolved and affect taste or 
color. In such cases, copper metals are often tin coated.
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Chapter 18 

HEALTH AND SAFETY ASPECTS OF 
COPPER-BASE ALLOY FOUNDRY PRACTICE

ATMOSPHERIC CONTAMINANTS 

Metals
Many metals are used in the manufacture of copper- 
base alloys, and excessive exposure to some of these 
metals can present a health hazard. The effects of the 
different metals are considered individually in the 
following paragraphs.

Beryllium
Beryllium (Be) is a silvery-white, brittle, extremely toxic 
metallic element similar in appearance to magnesium 
and is usually encountered in the foundry in copper 
alloys. It has a melting point of 1284C (2343F) and a 
boiling point of 2780C (5036F). Beryllium can be 
generated as an air contaminant in melting, pouring, 
cleaning, and machining operations. Processing of 
alloys containing only 2% beryllium can result in ex­
cessive exposures if proper engineering controls are not 
provided. Improper cleaning techniques of exhaust 
systems or air cleaning apparatus can result in high ex­
posures to beryllium and/or its oxides.

Because of the extreme toxicity of beryllium, copper- 
beryllium alloys must be produced only under stringent 
environmental control in all stages of manufacturing 
(see Table 18-1 for OSHA Permissable Exposure 
Limits). Exposure to airborne beryllium or a beryllium 
compound can cause a disease called beryllosis, which is 
characterized by a serious immediate or delayed reac­
tion in the lungs and, in some cases, by death. Chills, 
fever, painful cough, and accumulation of fluid in the 
lungs are common symptoms related to this reaction. 
Long-term effects can be progressive in severity and can 
persist for years after cessation of exposure. In other 
cases, symptoms do not appear for long periods follow­
ing exposure.

Copper
Copper (Cu) is a reddish-brown, ductile, malleable 
metal which occurs in nature as free copper or as a 
sulfide ore. It has a melting point of 1083C (1981F) and 
a boiling point o f 2595C (4703F). Because of its very 
high electrical and thermal conductivity, it is a principal 
constituent in a wide range of alloys used in the manu­
facture of cooking utensils, pipe, and electrical wires, 
tubes, and bars.

In the foundry, copper metal is found in ingot form, 
as scrap in the melt room, as a fume during melting and 
pouring, and as a dust during cutting and grinding 
operations.

Because of copper’s high boiling point, the concentra­
tion of copper fume generated during foundry melting 
and pouring operations does not usually exceed the ex­
posure limit. Excessive fume exposure, which can cause 
upper respiratory tract irritation and “ metal fume 
fever,”  is more commonly encountered in welding cop­
per alloys.

Inhalation of copper dust can also cause upper 
respiratory tract irritation, but this is a nonspecific reac­
tion to the inhaled dust as a foreign substance in the 
respiratory system. Skin contact with the dust, espe­
cially in the presence of perspiration, can cause skin 
discoloration but it does not cause irritation. Excessive 
airborne concentrations of copper dust can cause nose 
bleeds.

There is no evidence that exposure to copper fume or 
dust can cause chronic poisoning.

If exposure to copper salts is heavy or prolonged, it 
can cause severe local irritation to the skin or eyes upon 
direct contact, to the nasal septum if inhaled, or to the 
stomach lining if swallowed.

Lead
Lead (Pb) is a bluish-gray, heavy metal with a relatively 
high density (11.29), a low melting point of 327C 
(621F), and a relatively low boiling point of 1725C 
(3137F). It is added to copper-base alloys to improve 
free machining qualities. Exposures to lead fume during 
melting and pouring and to lead dust during cleaning 
operations may be excessive, even though the percent­
age of lead in the alloy may be relatively small (e.g., less 
than 5%).

Lead is readily absorbed into the blood, primarily by 
inhalation of the fume or dust, and, to a lesser degree, 
by ingestion. Symptoms of lead intoxication, such as 
colic and constipation, usually involve the gastro­
intestinal tract. Other symptoms, such as loss of ap­
petite, metallic taste in the mouth, anemia, pallor, 
weakness, insomnia, headache, nervous irritability, 
muscle and joint pains, and fine tremors may also be 
present.

Manganese
Manganese (Mn) is a silvery-gray, hard and brittle metal 
mined as a manganese oxide, carbonate, sulfide, or 
silicate ore. It is usually reduced to the oxide and 
purified by electrolysis. It has a melting point of 1245C 
(2275F) and a boiling point of 1962C (3563F).
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Table 18-1.

OSHA Permissible Exposure Limits (PEL) (1981)

Acrolein 
Ammonia 
Beryllium 
Carbon Dioxide 
Carbon Monoxide 
Copper

Fume
Dusts & mists 

Dimethylethylamine 
Ethyl Alcohol 
Formaldehyde

Furfuryl Alcohol 
Isopropyl Alcohol „ „  
Hexamethylenetetramine

Isocyanate (MDI type)
Lead
Manganese 
Methyl Alcohol 
MDI Methylene Bisphenyl 
Nuisance or Inert Dust 

Respirable Fraction 
Total Dust 

Phenol
Phosphoric Acid 
Silica 

Crystalline 
Quartz (respirable)

Quartz (total dust)

Cristobalite (respirable)

Cristobalite (total)

Tridymite 
Amorphous, including natural 
diatomaceous earth

Silicones 
Sodium Silicate 
Sulfuric Acid
Tin (inorganic compounds—except 
oxide)
Tin oxide (nuisance)
Toluene - 2, 4 Diisocyanate (TDI)
Triethylamine
Urea
Zinc oxide fume

0.1 ppm
50 parts per million (ppm) based on exposure over the 8-hour day 
0.002 mg/m3 
5000 ppm 
50 ppm

0.1 mg/m3
1.0 mg/m3
no established limit 
1000 ppm
3 ppm based on exposure over the 8-hour day; 5 ppm acceptable 
ceiling concentration; 10 ppm acceptable peak for 30 minute 
period 
50 ppm 
400 ppm
(no established limit) liberates formaldehyde and ammonia on
decomposition
0.02 ppm
0.05 mg/m3
5.0 mg/m3C 
200 ppm
0.02 ppm (ceiling)

5 mg/m3 
15 mg/m3 
5 ppm
1 milligram per cubic meter (mg/m3) of air

10 mg/m3
% S i02 + 2 
30 mg/m3

% S i0 2 + 2
10 mg/m3

% Quartz + 2(°/o Cristobalite) + 2  
30 mg/m3 

% Quartz + 2(°/o Cristobalite) +2  
(same as Cristobalite)

80 mg/m3
% S i02 

(no established limits)
(no established limit)
1 mg/m3

2.0 mg/m3
10.0 mg/m3 
0.02 ppm ceiling 
25 ppm
(no established limit) liberates ammonia on decomposition 
5 mg/m3
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It is used as a constituent of copper alloys, such as 
manganese bronze and high-manganese aluminum 
bronzes which may contain up to 14% manganese— 
special alloys may contain more.

Inhalation of the dust, in plants processing 
manganese ore or ferromanganese alloy, offers the 
highest potential for overexposure. In the foundry, the 
potential for excessive exposure is related to the 
manganese content of the alloy. Exposure can be 
greatest at welding and cutting operations; to a lesser ex­
tent, excessive exposures are possible at melting and 
pouring operations.

Manganese poisoning (Manganism) is predominantly 
a chronic disease occurring after repeated heavy ex­
posure to dust or fumes. The chief symptoms are related 
to central nervous system damage—headaches, apathy, 
muscle weakness or rigidity, m ental confusion, 
hallucinations—and may be irreversible in advanced 
cases. Pneumonitis (lung inflammation) has also been 
observed in persons heavily exposed to fine dusts or 
fumes. "

Tin
Tin is a soft, pliable, silvery-white metal found in many 
copper-based alloys. It has a melting point of 232C 
(450F) and a high boiling point of 2270C (4118F). In­
halation of tin fume leads to a benign pneumoconiosis 
(stannosis), and cases have been known to occur among 
foundry workers. Tin fume deposits in the lung can be 
detected as opaque shadows upon x-ray examination. 
The deposits are nondisfiguring and nondisabling and 
do not interfere with lung function.

Because of the high boiling point, tin usually does not 
present a problem in the bronze foundry. The nodular- 
like shadows seen in cases of stannosis may be confused 
with the fibrotic nodules of silicosis.

Zinc
Zinc is a silvery metal of low to intermediate hardness. 
It has a melting point of 419.4C (787F) and a low boil­
ing point of 907C (1665F). Zinc oxide (ZnO) is a 
powdery, white fume generated at melting, pouring, 
welding, burning, and cutting of zinc, zinc alloys, 
brasses, and nickel silver (particularly yellow and high- 
tensile).

Excessive exposure to freshly-formed zinc oxide fume 
can cause metal fume fever. This is often called by other 
names such as “ brass chills,” “ foundry shakes,” and 
“ Monday morning fever.”  The symptoms of chills and 
fever usually occur a few hours after exposure and are 
of short duration, usually lasting less than 24 hours. A 
temporary period of immunity follows; however, this is 
ordinarily lost after a few days without exposure. 
Although no known permanent effects are suffered as a 
result of exposure, it is important that a proper 
diagnosis be made, since more serious metal poisonings 
often display the same or similar symptoms.

The occurence of “ brass chills” indicates the poten­
tial for metal poisoning by other elements carried over 
with the zinc fume, and the need for more effective 
fume control and employee training.

CHEMICAL VAPORS AND GASES FROM 
RESINOUS BINDERS
Many different resinous binder systems are used in the 
manufacture of copper-base alloy castings. Each binder 
system is unique and consists o f various chemical com­
ponents. During mixing, molding, and coremaking, 
liberation of the chemical components can occur if the 
sand temperature is too high, and airborne concentra­
tions of these materials will increase with increased sand 
temperature. Exposures to some of these chemicals, as 
well as their thermal decomposition products, can pre­
sent a health hazard.

Carbon monoxide is the principle hazard of these 
thermal decomposition products, although some of the 
other decomposition products may present a health 
hazard if excessive exposures occur. The specific decom­
position products will be a function of the binder system 
used.

Table 18-2 lists potential exposures from some of the 
binder systems at various work locations in the foundry, 
such as the mixing and pouring areas. The effects of the 
different resinous binder systems and their chemical 
components are considered individually in the following 
paragraphs.

Acrolein
Acrolein (C3H 40 )  is a colorless to yellowish liquid with 
a pungent, disagreeable odor. It is an ingredient of one 
variety of tear gas.

In foundries, acrolein vapor may be formed by the 
thermal decomposition of the vegetable oils which are 
present in many core oils. Employees can be exposed to 
acrolein while unloading core ovens, or at pouring 
and /o r shakeout operations where oil sand cores are 
used.

At the concentrations normally encountered in 
foundries, acrolein can cause irritation of the eyes and 
nose. Serious cases of overexposure are rare, because in­
tense irritation at higher levels causes the employee to  
avoid exposure. The odor threshold of acrolein is 
slightly higher than the exposure limit.

Amines
Amines are used most often in foundries as catalysts for 
organic binder systems. The amines most commonly 
used are triethylamine (TEA), dimethylethylamine 
(DMEA) and hexamethylenetetramine (HEXA). TEA 
or DMEA is used as a catalyst for the phenolic-urethane 
(cold-box) binder. TEA is also used as a catalyst for the 
alkyd oil-urethane (nobake) binder. HEXA is used as a 
combination catalyst and co-reactant in the shell sand 
(resin-coated) process. Less frequently encountered
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imines include triethylenediamine, aryl-substituted 
>yridine, ammonia, and those amines used as epoxy 
îardeners. Triethylenediamine is used as a catalyst for 
he alkyd oil-urethane (nobake) binder. Aryl-substituted 
pyridine is used as a catalyst in the phenolic-urethane 
nobake) binder. Ammonia is a by-product of the curing 
eaction from HEXA in the shell sand process.

TEA and DMEA are liquids at 20C (68F) and are 
lighly flammable. TEA has a flashpoint o f 20F (-6.7C), 
and DMEA has a flashpoint of -37F (-38.3C). Both of 
these amines are irritating to the eyes and to the upper 
respiratory tract. Contact with the eyes can cause severe 
chemical burns. Skin contact with TEA and DM EA can 
also cause chemical burns.

TEA and DMEA are known to cause corneal edema, 
which results in a foggy vision and the appearance of a 
bluish halo around lights. TEA and DMEA can be ab­
sorbed through the skin. Fortunately, both of these 
amines have a strong odor that is apparent at levels far 
below the current OSHA exposure limits, so adequate 
warning o f their presence is given.

Hexamethylenetetramine is a powdery crystalline 
solid at 20C (68F). Prolonged skin contact with HEXA 
can cause skin irritation, and continued exposure may 
lead to sensitization. The fine powder can also present a 
dust explosion hazard.

HEXA can decompose, in the presence of water, to 
formaldehyde and ammonia, especially when acids or 
heat are also present. Ammonia is a gas which acts as an 
irritant to the eyes, skin, and mucous membranes. At 
high concentrations, it can cause severe chemical burns, 
irritation of the respiratory tract, and congestion. For­
maldehyde also has a strong odor and is an irritant with 
other side effects.

Aryl-substituted pyridines are usually liquids at 20C 
(68F). They are irritating to the eyes and skin and have a 
strong odor.

Triethylenediamine is a solid crystal at 20C (68F). It 
has a strong odor and is irritating to the eyes, the upper 
respiratory tract, and the skin. It may also be sensitizing 
to the skin.

Epoxy Resins
Epoxy resins are most likely found in the pattern shop 
and generally consist of a resin and an amine hardening 
or curing agent. The two component agents are mixed 
together shortly before use and cure by chemical 
polymerization.

Epoxy resins in the completely cured state usually do 
not present a skin hazard. The principal hazard in epoxy 
resin systems is skin irritation as a result o f skin contact 
with the curing agents, hardeners, catalysts, and 
solvents used in these systems. Exposure to these agents 
in uncured or partially cure'd resins can sensitize the in­
dividual, causing serious skin irritation or asthmatic­
like reactions. There can also be asthmatic-like reactions

to some types of amine hardeners or catalysts or to air­
borne contaminants generated at cutting or grinding of 
cured resins. Dermatitis may occur on handling, grind­
ing, or cutting cured resins which contain fillers such as 
fiberglass.

FURAN NOBAKE RESINS
Furan resins are synthetic, thermosetting resins used to 
bond sand for the production o f cores and molds. They 
are based on furfuryl alcohol. Toluenesulfonic acid 
(TSA), or benzene sulfonic acid (BSA), as aqueous 
and /o r alcoholic solution, and phosphoric acid as a 
75-85% solution, are the usual catalysts. Furan resins 
are usually modified with phenol and /o r urea and /or 
formaldehyde.

Resins, especially nobake catalysts, are potential eye 
and skin irritants.

Exposures to furfuryl alcohol, phenol vapors, and 
formaldehyde gas, all eye and respiratory system ir­
ritants, can occur during sand mixing and coremaking. 
The degree of exposure increases significantly as the 
temperature o f the sand rises above 25C (76F).

Exposure to thermal decomposition products such as 
carbon monoxide can occur during pouring and 
shakeout.

HOT BOX RESINS
Hot box resins are liquid, synthetic, thermosetting 
resins used in combination with liquid or dry catalysts to 
produce hot box cores. The resins can be phenol- 
formaldehyde, urea-formaldehyde, furfuryl alcohol- 
formaldehyde, or combinations of these. The catalysts 
are usually combinations of salts, such as ammonium 
chloride or ammonium nitrate, with urea and water. _

All o f these resins and catalysts in their uncured 
forms can cause skin and eye irritation. Those contain­
ing phenol are more hazardous in this respect because of 
their free phenol content. Phenol can be absorbed 
through the skin.

Liberation o f form aldehyde, phenol, furfuryl 
alcohol, and ammonia may occur during mixing and 
heat curing of hot box resins. Carbon monoxide, 
phenol, and other gases and vapors are generated during 
pouring, casting, cooling, and shakeout.

Nobake Resins
Nobake resins are used to bond sand for the production 
of cores and molds used in casting all types of metals. 
The resins are used in combination with a catalyst which 
Causes the resin to cure at room temperature. Some of 
the resins that are used as nobake binders are furan, 
phenolic, urethane (isocyanate-based), phosphate- 
based, and sodium silicates. Furan and phenolic resins 
are cured with acid catalysts such as phosphoric, 
sulfonic, and other mineral acids. Urethane resins are 
cured with “ driers”  such as cobalt napthenate and with 
nitrogen compounds such as triethylamine. The sodium
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silicates are cured with a variety of materials such as 
glycerin acetates, silicon metal powders, and various 
slags. Phosphate-based binders are cured with alkaline 
earth oxides, such as magnesium oxide.

Contact with or exposure to liquids, gases, or vapors 
from any of these binders may be hazardous. Precau­
tions should be taken at sand mixing, coremaking, core 
baking or torching, metal pouring, casting cooling, and 
shakeout stations.

Phenolic Resins
Phenolic resins are synthetic resins used to bond sand 
for the production o f cores and molds. They are used in 
baking applications, in the hot-box process, as nobake 
binders, in the shell sand process, and in the cold-box 
process. Phenolic resins are made from phenol and for­
maldehyde and are sometimes modified with urea and 
furfuryl alcohol. A variety o f catalysts can be used with 
phenolic resins, depending upon the application.

Baking Application—Excessive exposure to phenol 
and formaldehyde will cause irritation of the eyes, nose, 
and respiratory tract. Contact with the resin may cause 
skin irritation.

Hot-Box Process—Liquid or powdered acid catalysts 
are used. These catalysts are skin irritants and, when 
used in the dry powdered form, may constitute a dust 
hazard. Excessive exposure to phenol and formaldehyde 
from the resin may cause irritation of the eyes and 
respiratory tract. Contact with the resin can cause 
serious skin irritation.

Nobake Process—Phenolic resins are used alone or in 
combination with furan resins or polymeric isocyanate 
in this application. When used alone or in combination 
with furan resins, acid catalysts are required. Strong 
acids such as phosphoric, toluenesulfonic, benzene 
sulfonic, and sulfuric acids are used. Curing is chemi­
cally activated and occurs at room temperature. Serious 
skin irritation can result from contact with these acids. 
Exposure to phenol and formaldehyde can cause eye 
and respiratory irritation, and contact with the resin can 
cause serious skin irritation.

Combinations of the polymeric isocyanates and 
phenolic resins are used to produce one of the urethane 
nobake binders. Pyridine-like catalysts are used with 
these binders. These catalysts are alkaline, and skin con­
tact can cause irritation. Excessive exposure to phenol, 
formaldehyde, polymeric isocyanate, and solvent 
vapors from the resins can cause eye and respiratory ir­
ritation. MDI (Methylene bisphenyl isocyonate), the 
specific polymeric isocyanate used in foundry sand 
binders, has not been known to cause the asthma-like 
attacks associated with TDI.

Since solvent components of phenolic resin systems 
vary widely, inform ation should be obtained from the 
supplier concerning the potential for excessive solvent 
exposure associated with specific trade name products.

Shell Process—In this application, hexamethyl- 
enetetramine is used as a catalyst, and waxes and 
calcium stearate are used as lubricants. Hexamethyl- 
enetetramine is a skin sensitizer, and physical contact 
can cause severe irritation. Although most of the resins 
now used for coating sand are solids, solvents may 
sometimes be used. These solvents are often flammable 
and potentially explosive and can cause eye and 
respiratory tract irritation, dizziness, etc. Exposure to  
phenol and formaldehyde from the resin, and form al­
dehyde and ammonia from the hexamethylenete­
tramine, can cause eye and respiratory tract irritation. 
On heating, hexamethylenetetramine liberates for­
maldehyde and ammonia. Physical contact with liquid 
phenol resins can cause skin irritation.

Cold-Box Process—Phenolic resins are used in com­
bination with polymeric isocyanates to produce one of 
the nobake binders. Amines carried in air, carbon diox­
ide, or nitrogen are used as catalysts. The amines are 
highly flammable and excessive exposure can cause eye 
and respiratory tract irritation. As noted, the specific 
isocyanate used in foundy sand binders (MDI) has not 
been known to cause the asthma-like attacks associated 
with TDI.

SHELL SAND COATING OPERATIONS
Coating of sands with liquid or solid resins is generally 
performed in a pug-mill or muller-type mixer. One o f 
three accepted procedures is normally used to ac­
complish coating, as follows:

Cold Coating—Phenol-formaldehyde novolac resin 
(either a powdered resin followed by a suitable volatile 
solvent such as alcohol, or a predissolved resin) is 
blended with ambient-temperature sand and subse­
quently mixed until it is made dry and free-flowing by 
the application o f a blast of ambient-temperature air. A 
powdered hexamethylenetetramine (HEXA)/calcium 
stearate mixture is added with the resin or prior to its 
addition.

Warm Coating—Resin and ambient-temperature 
sand are blended and then dried by use of heated air 
(300 to 450F).

H ot Coating—Granular, flaked, or water-borne 
novolac resin is blended with preheated sand (275 to  
350F), which causes the resin to melt and coat the sand 
grains. A dry, free-flowing state is attained by quench­
ing the blend with a slurry of HEXA and stearate in 
water, followed by aeration with ambient-temperature 
air.

Once coated, the sand is placed against a heated p a t­
tern to further melt and polymerize, thus bonding the 
sand grains to produce a core or mold.

The predominant hazard in shell sand coating is the 
danger of fire or explosion from the solvents used to 
dissolve the resins, particularly when heated air is used
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in the process. This hazard is minimized when so-called 
water-borne resins are used in hot coating, because all 
these resins contain only small amounts o f solvent. The 
hazard is eliminated with the use of granular or flaked 
resins in the hot coating procedure.

Exposure to the resins an d /o r additives may cause 
dermatitis; in addition, vapors can cause respiratory 
and eye irritation.

SODIUM SILICATE BINDER SYSTEMS
Sodium silicate is usually made by fusing silica sand and 
sodium carbonate (soda). The binders used in foundries 
often contain ingredients such as sugar, as well as the 
hydrated sodium silicate, and are alkaline liquids.

Three to six percent of the sodium silicate binder is 
mixed with sand and with varying types and quantities 
o f organic and inorganic additives to produce a variety 
o f bonding characteristics.

The molds or cores are usually cured by passing car­
bon dioxide gas through the sand (C 0 2 process). They 
can also be cured by heat and by chemical activators 
such as ferrosilicon, sodium silicofluoride, dicalcium 
silicate, Portland cement, and organic esters such as 
glycerol triacetate, glycol diacetate,, and diacetin.

Sodium silicate solutions as encountered in foundry 
practices are strongly alkaline. They are irritating to the 
skin and highly irritating to the eyes. Carbon dioxide as 
used in the system is normally not a hazard. Carbon 
monoxide is the m ajor thermal decomposition product 
o f the organic additives and organic chemical activators 
during pouring. Very little information is available con­
cerning the extent or consequences of exposure to the 
other decomposition products. One additional hazard is 
that, should the hose separate from the C 0 2 hand ap­
plicator, the operator’s hand may freeze to the 
applicator due to the cooling effect of rapidly expanding 
compressed gas.

UREA-FORMALDEHYDE RESINS
Urea-formaldehyde resins are liquid, synthetic, thermo­
setting resins used in combination with cereal, water, 
kerosene, and fatty acid release agents to bond sand. 
Cores are cured by baking in conventional or dielec­
trically heated ovens. For dielectric curing, boric acid is 
sometimes used in the mix. Dry sand molds can also be 
made from these resins in a similar manner. Cores and 
molds are normally used in the casting of aluminum, 
magnesium, brass, and bronze. Ammonia and for­
maldehyde gases are liberated at core-making or pour­
ing operations.

Exposure to ammonia and formaldehyde gases will ir­
ritate the eyes and respiratory tract. Exposed workers 
may develop a degree of tolerance to  these irritant ef­
fects. Contact with the resins can cause skin irritation.

URETHANE RESINS
Urethane resins are known in the foundry industry as 
alkyd or oil-isocyanates or oil urethanes, phenolic-

isocyanates or phenolic urethanes, or just as polymeric 
isocyanates or urethanes. In their liquid form, they are 
usually two- or three-component systems consisting o f a 
polyol component, a polymeric isocyanate component, 
and a catalyst. When mixed, the components form 
tough, solid plastics. Urethane sand binders are used in 
the making o f both cores and molds.

Sometimes the catalyst is combined with the polyol 
component to form a two-component system. Both the 
polyols and isocyanates are sometimes dissolved in 
solvents such as kerosene, mineral spirits, aromatic 
petroleum solvents, ketones, and esters. The isocyanates 
used as core binders are always of the polymeric MDI 
type. Other polymeric isocyanates may be used to make 
core box liners and pattern wear plates. Catalysts can be 
amines such as triethylamine (TEA) and dimethyl ethyl 
triethyl-enediamine, amine (DMEA) as well as metal 
salts such as cobalt and lead naphthenate, and 
dibutyltin dilaurate.

The polyols, sometimes called B components of 
urethanes, represent varying degrees o f hazard. Skin ir­
ritation from contact and respiratory irritation from 
vapor inhalation are potential hazards. Catalysts and 
isocyanates are also potential skin and respiratory 
irritants.

Vapors generated at metal pouring operations and 
shakeout are potential respiratory irritation hazards. 
These vapors may also be generated at baking ovens.

In the absence of sand, isocyanates can react with 
water, alcohols, and other active hydrogen compounds 
such as ammonia, to cause considerable heat. These 
should not be mixed with isocyanates in bulk containers 
as this may create excess foaming, increased pressure in 
a closed container, and increased evolution of flam­
mable vapors. Indiscriminate mixing should be avoided.

CARBON MONOXIDE
Carbon monoxide (CO) is a colorless, odorless, tasteless 
gas. It is a product of incomplete combustion and can 
be generated in the foundry by internal combustion 
engines, melting processes based on combustion, or dur­
ing pouring and cooling operations. CO will go into 
solution in a wet scrubber used to clean air. Processing 
of the water from such a scrubber can cause the gas to 
come out of solution; therefore, open tanks should be 
considered a potential source of exposure. Negative 
pressure conditions within a plant which cause back- 
drafting of products of incomplete combustion through 
thermal flues can create other sources of exposure.

Excessive exposure can cause headache, throbbing in 
the temples, weariness, weakness, dizziness, nausea, 
vomiting, loss of strength and muscular control, in­
creased breathing rate, slowing of pulse, and death.

INERT NUISANCE PARTICULATES
Non-silica molding aggregates have been classified as 
nuisance dusts. These dusts have always had little
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adverse effect on lungs, and they do not produce signifi­
cant organic disease or toxic effect when exposures are 
kept under reasonable control. The nuisance dusts have 
also been called (biologically) inert dusts, but the latter 
term is inappropriate because all dusts evoke some 
response in the lung when inhaled in sufficient amount. 
However, the lung-tissue reaction caused by inhalation 
of nuisance dusts is characterized by the fact that the 
architecture of the air spaces remains intact, that scar 
tissue is not formed to a significant extent, and that the 
tissue reaction is potentially reversible. This is in con­
trast to silica dust, which causes scar tissue to be formed 
in the lung when inhaled in excessive amounts.

Excessive concentrations of nuisance dusts in the 
workroom air can seriously reduce visibility; cause ir­
ritation in the eyes, ears, and nasal passages; or cause 
injury to the skin or mucous membranes by chemical or 
mechanical action per se or by the rigorous skin cleans­
ing procedures necessary to remove the dusts.

Examples of inert or nuisance particulates are:

Alundum [aluminum oxide, corundum, alumina, 
emery (A120 3)]

Calcium carbonate [albacar, aeromatt, limestone, 
precipitate chalk (CaCo3)]

Cellulose (paper fiber)

Portland Cement

Carborundum (silicon carbide)

Glass, fibrous or dust

Graphite (synthetic)

Gypsum [calcium sulfate, plaster of paris, alabaster, 
selenite (C aS042H 20)]

Iron oxide dust (rust—Fe20 3)

Kaolin

Magnesite (M gC 03)

Rouge [pink talc, mineral graphite, Mg3Si4O ,0(OH)2] 
Sucrose (sugar)

Tin oxide

Titanium dioxide [titanic acid (T i0 2)]

SILICA
Free silica, or quartz (S i02), is a m ajor constituent of 
foundry sand and can be present in high concentrations 
in silica flour and in some silica mold or core washes. 
Cristobalite is also a crystalline form of silica which may 
be present in some bentonites. Quartz may be trans­
formed into cristobalite at the mold-metal interface; 
however, in nonferrous operations, the temperature of 
the poured metal is generally not high enough to affect 
this transformation. It should be noted from Table 18-1 
that the permissable exposure depends on the crystalline 
form of the silica.

Many foundry operations result in employee exposure 
to fine silica dust which is generated as a result of 
mechanical or thermal fracture of sand particles. The 
main sources of foundry exposure involve (1) the 
handling or mulling of new sand or dry sand from 
shakeout, (2) the use of silica-containing parting com­
pounds or mold washes, (3) shakeout, and (4) casting 
cleaning. Other sources of silica dust exposure include 
general maintenance, cleaning, and furnace and ladle 
repair operations.

Silicosis is the occupational disease associated with 
excessive exposure. The degree of hazard depends on 
silica content, concentration, and the size o f the air­
borne dust, as well as the length of exposure.

Overexposure to silica can cause nodular fibrosis in 
the lungs and is characterized by shortness of breath, 
dry cough, lessened capacity for work, and increased 
susceptibility to tuberculosis. There is much variation in 
individual susceptibility; certain workers show 
radiological evidence of the disease before their fellows 
who are similarly exposed.

Because of the potential long-term hazard of silica, 
there has been a trend to substitute materials such as 
olivine for silica sand.

PERSONAL PROTECTIVE EQUIPMENT
The wearing of eye protection with side shields should 
be a m andatory requirement in all foundry areas, in­
cluding those where mold washes and binders are mixed 
or handled. Protective eye wear that meets the ANSI 
(Z7.1-1979) drop-ball test should be worn by all foundry 
employees. Additional protection, such as goggles, 
should be worn by people working on chipping and 
grinding lines.

Leggings that protect the lower leg and instep must be 
worn by all persons who handle molten metal. They also 
should be worn by employees having a potential ex­
posure to hot sand. The pants should be worn over the 
leggings to prevent spilled metal or hot sand from get­
ting between the protective equipment and the pants or 
from running down into a shoe. As much of the body as 
possible should be covered by normal clothing (no 
polyester). Clothing that is resistant to burning is 
desirable. Such clothing should fit closely at the neck 
and wrists, and sleeves should not be rolled up. The 
wearing of torn, ragged, and oil- or grease-soaked 
clothing is a hazard and should not be permitted.

The use of metatarsal guards on shoes should be m an­
datory in such areas as mill rooms, where there is a 
possibility that heavy castings may fall on feet. The 
wearing of steel-toed shoes throughout the foundry is 
good practice and should be encouraged.

Gauntlet-type gloves should never be worn because 
the gauntlet cuff acts as a funnel for hot metal or sand. 
Snug-fitting gloves, over which the shirt sleeves are
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able 18-2. P o te n tia l A irb o rn e  E m issio n s f r o m  S e lf-S e ttin g  (N o-B ake) C hem ical B in d er S ystem s at Various W ork S ta tio n s in the  
o u n d ry

CHEMICAL SPECIES *

MOLD and CORE BINDER 
SYSTEM

WORKING
AREAf f*O*

5 /A  
A

£  /£ *C /£.S /£ c> /  0»

W W W/-? As /<“
A /S '  A A

c /

w

v' o/ 1

FURAN NO-BAKE M/M/C 0 7<1) 0 0 0 0 0 0 0 0 7 0
Phosphoric Acid Catalyst P/S X 0 7(2) 7(2) 0 0 0 0 0 0 0 0

FURAN NO-BAKE M/M/C 0 7(1) 0 0 0 0 (3) 0 (5) (4) (6)
Sulfonic Acid Catalyst P/S X 0 7(2) 7(2) 0 X 7 0 7(5) 7(4) 0 0

PHENOLIC NO-BAKE M/M/C 0 X 0 0 0 0 (3) X (5) (4) 0 (6)
Sulfonic Acid Catalyst P/S X 0 0 0 0 X 7 7 7(5) 7(4) 0 0

ALKYD URETHANE M/M/C 0 0 0 0 7 0 0 0 0 0 0 0
P/S X 0 7 0 7 0 0 0 7 7(7) 0 0

PHENOLIC URETHANE M/M/C 0 7 0 0 7 0 0 7 0 0(7) 0 0
P/S X 0 7 7 7 0 0 7 7 7(7) 0 0

SODIUM SILICATE M/M/C 0 0 0 0 0 0 0 0 0 0 0 0
(C 0 2/Ester) or 

CEMENT
P/S X (8) 0 0 0 0 0 O) (9) (9) 0 0

PHOSPHATE M/M/C (10) 0 0 0 0 0 0 0 0 0 0 0 0
P/S 7 0 0 0 0 0 0 0 0 0 0 0

CONSULT BINDER MANUFACTURERS FOR 
SPECIFIC INSTRUCTIONS AND PRECAUTIONS 

PERTAINING TO THE PROPER USAGE OF 
EACH BINDER SYSTEM

*OSHA Permissible Exposure Limits (PEL) tor Volatiles are listed 
in parts per million (ppm)

0 absent (not normally expected to be present)
7 normally present in trace concentrations 
x present in sufficient quantities to be considered a possible 

health hazard
Assumes normal ventilation, optimized binder usage and proper 
handling of the binder system 
t  M /M /C  - Mixing, Molding & Coremaking 
P/S - Pouring & Shakeout
NOTES:
1. Volatiles at M/M/C refer to sand at - 80° F.
2. For phenolic modified furans, consult the entries for each 
individual system, that is Furan No-bake and Phenolic No-bake.
3. Control of CO to 50 ppm or lower should result in all other 
volatiles being below their respective PEL’s or below their 
detectable limits.

(1) 0 if binder is formaldehyde-free
(2) 0 if binder is nitrogen (urea)-free
(3) Possibly present if reclaimed sand is used that originally was 

catalyzed with sulfonic acid
(4) Probably present if toluenesulfonic acid (TSA) is used as a 

catalyst
(5) Probably present if benzenesulfonic acid (BSA) is used as a 

catalyst
(6) Possibly present if methyl alcohol is used as a solvent for the 

sulfonic acid
(7) Plus other aromatic hydrocarbons
(8) Formaldehyde and other aldehydes may possibly be present 

depending on the ester hardener and other sand additives 
used with the system

(9) Possibly present depending upon specific sand additives 
used with system

(10) Powdered hardener may produce nuisance dust

worn, protect the hands while preventing entrapment of 
hot metal in the gloves.

When concentrations of airborne toxic materials are 
not reduced by engineering or administrative controls to 
levels below applicable permissible exposure limits, 
respirators should be worn. (Only respirators approved 
by the National Institute for Occupational Safety and 
Health for the specific contaminants involved should be 
used.) Respirators should be fitted and worn properly, 
and they must be kept clean and in good repair. Self- 
contained respiratory protection is required when work­
ing in oxygen-deficient atmospheres. Respiratory pro­
tection may also be requirecj for certain sporadic opera­
tions or for emergency conditions involving exposure to 
air contaminants.

Hard hats must be worn if there is a potential for 
head injuries from falling or flying objects. If only cer­
tain areas in the foundry have such hazards, the wearing 
of hard hats must be enforced in these areas.

If noise exposure exceeds established limits in certain 
foundry areas because of the nature of the work being 
done, hearing protection may be necessary. Reducing 
these noise levels below the established limits by use of 
engineering an d /o r administrative controls may not 
always be possible. Consequently, ear muffs or ear plugs 
must be worn by employees working in these areas. Ear 
protection devices are effective if fitted properly, worn 
properly, and accompanied by a good educational pro­
gram explaining why they are needed and how to use 
them. Appropriate medical surveillance, including
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audiometric examinations, is required for an effective 
hearing conservation program.

VENTILATION AND MAKEUP AIR 
Local exhaust ventilation systems with close-capture 
hoods are preferred over general dilution ventilation 
(e.g., roof ventilators) for control of exposures to toxic 
air contaminants. Use of local exhaust systems have the 
following advantages.

1) The contaminant is removed before it can reach 
the employees’ breathing zone.

2) Makeup air requirement is much lower, with a 
subsequent reduction in cost when compared to 
general dilution ventilation—especially when 
enclosing or closely coupled hoods are used to pro­
vide control at a minimum exhaust rate.

Makeup air should be supplied to the foundry at a 
rate at least equal to the total exhaust rate. Lack of 
makeup air will decrease the efficiency of exhaust 
systems, cause unwanted drafts, and cause differential 
pressure on doorsT High-velocity cross-drafts (e.g., 
from air cooling fans or air diffusers) may disrupt ex­
haust hood air-flow patterns, with a subsequent reduc­
tion in overall effectiveness.
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trol. vol 1, D es Plaines, Illinois, 1972.

2. American Foundrym en’s Society. Foundry Health and Safety 
Guide Series. Des Plaines, Illinois, 1981.

3. American National Standards Institute. Fundamentals Governing 
the Design and Operation o f  Local Exhaust Systems Z9.2, New  
York, New  York, 1971.

4. American Conference o f  Governmental Industrial H ygienists, 
Committee on Industrial Ventilation. Industrial Ventilation, A  
Manual o f  Recommended Practice. Lansing, M ichigan.

5. American N ational Standards Institute. Safety Requirements fo r  
Cleaning and Finishing o f  Castings Z 241.3-1981, American Found­
rymen’s Society, Des Plaines, Illinois.

6. American N ational Standards Institute. Safety Requirements fo r  
Melting and Pouring o f  Metals in the Metalcasting Industry 
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high-manganese, 47, 50 
leaded nickel, 171 
molds, 55
red, 3, 51, 131, 132, 137 
semi-red, 3, 51, 143 
white, 47
yellow, 1, 3, 47, 127, 131, 143, 151-155 

Brinnel test, 221-222, 227 
Bronzes, 1, 4 

leaded nickel, 171, 172 
molds, 55 

Buckles, 20, 24, 27, 182, 204, 207 
Burn-in, 104 
Bum-on, 104, 180, 205 
Bushing characteristics, 227, 231 
Cadmium copper, 127 
Carbon monoxide poisoning, 236, 240, 241

Carbon pickup, 87 
base melt covers, 178 
boil, 177, 178
in nickel-bearing alloys, 178, 179, 184 

Castability, 154, 165
of nickel-bearing alloys, 171, 176 

Casting design, 139 
defects, 195-210 

■incomplete, 195 
in high-copper alloys, 192-193 
in nickel-bearing alloys, 181-182 

Casting materials, 17-42 
Casting processes, 17-70 
Casting yield, 110, 113 
Cavitation, 46, 104, 195 
Cellulose additives to clay, 24 
Centerline shrinkage, 129, 201 
Centrifugal casting, 58-63 

applications, 59 
centrifuging, 58 
horizontal-axis castings, 59-60 
mold materials, 62 
semi-centrifugal casting, 58 
with silicon brasses, 166 
true centrifugal casting, 59 
vertical-axis casting, 60, 61 

Centrifuging, see Centrifugal casting 
Charge materials and gas content, 93, 94 
Charpy bar, 222

Chemical vapors, 236-241 
Chemistry control, 83-84 
Chill castings, 131
Chills, 96, 98, 120, 127, 135, 137, 161, 180, 199, 202, 204 
Chokes, 105, 115-116, 118, 122 
Chromium, 113, 210

in high-copper alloys, 187 
in nickel-bearing alloys, 171, 173 

Chromium coppers, 56, 103, 113, 127, 190, 192, 193, 222 
Chvorinov’s Rule, 131, 135 
Cire-perdue process, see Lost-wax process 
Clay balling, 19-20 
Clays, 22-23, 24-25
Coating operations, health aspects of, 240 
Cobalt, 188
Cold box process, health aspects of, 239-240 
Cold lap, see Cold shut
Cold shuts, 54, 59, 104, 108, 119, 122, 124, 160, 163, 202, 

203, 214, 225 
Columbium, 113

in nickel-bearing alloys, 171 
Compaction of green sand, 26-28 
Complex gases, 86-87 
Compression strength, 227, 228 
Computers, 135
Conductivity, 56, 187-193, 225, 227
Continuous casting, 17, 69-70
Cope height, 200
Copper-aluminum alloys, 1, 6
Copper Development Association, Inc., 1, 9
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Copper dust, inhalation, 235 
Copper-nickels, 1, 6, 103, 113, 133, 171 

metallurgy, 173-176 
Copper-nickel-zinc. alloys, 1,6 
Copper rain, 89, 90 
Copper-silicon alloys, 165-169 

metallurgy, 166-168 
melting and pouring, 168-169 

Copper-tin-alloys, 1, 4 
Copper-tin-lead alloys, 1, 5, 103 
Copper-tin-lead-zinc alloys, 143-149, 165 

metallurgy, 143-147 
Copper-tin-nickel alloys, 1, 5 
Copper-tin-zinc alloys, 1, 3, 165 
Copper-zinc-silicon alloys, 1 
Core baking, 196, 199 

cycle, 32 
Coreboxes, 29, 32 
Coremaking, 17, 29-40 

shell process, 30, 31 
hot-box process, 30, 31-32 

Core oils, 32 
Core properties, 32 
Cores, 188, 198 -  ■—

strainer, 196
Coring, 146, 147, 152, 166, 167, 168, 176, 199, 206, 208 
Comeal edema, 237
Corrosion resistance, 47, 48, 50, 137, 225, 227, 232-233 

of aluminum bronzes, 158, 159 
of copper-tin-lead-zinc alloys, 145, 149 
of cupronickels, 171, 173, 184 
of monel metals, 172, 177 
of nickel silvers, 176 
of nickel-tin bronzes, 171 
of silicon bronzes, 165 
of yellow brasses, 151, 154 

Costs, 80-81
of yellow brasses, 154 

Cracking, 46, 182 
Crucible furnaces, 73-75, 84 
Crucible pouring, 105-106 
Crucible types, 105, 188 
Crush, 197
Cupronickels, see Copper nickels 
Curing of binders, 30 
Cut, 196-197

Deep-etch test, 212 
Defects, common, 195-210 
Degassers, proprietary, 92, 179 
Degassing procedures, 182, 191, 199, 202 
Deoxidation, 92, 93, 177, 179, 182, 188-189, 190, 199, 

202, 208, 216-217 
Dermatitis, 237, 240 
Designations, standard, 1-6 
Desulphurizers, 177, 179 
Dezincification, 47, 225 
Die casting alloys, copper-base, 47-51 
Die casting machines, 44-46 
Die materials, 46-47 
Dimpling, 139
Directional solidification, 132-J33, 139, 180, 200, 204 
Discontinuities, 195 
DMEA, 237

Doehler, 42 
Draw, 204-205
Dross entrapment, 104, 105, 118, 119, 160 

inclusion, 208-209, 210 
Dross formation, 84, 91, 94, 99, 103-104, 121 

in aluminum bronzes, 160, 163 
in copper-silicon alloys, 168 
in silicon brasses, 166 
retained in ladle, 107 

Dross removal, 101, 116, 162 
Drossing, 50, 213

in high-copper alloys, 191, 192 
in nickel-bearing alloys, 180 

Dry-sand process, 28-29 
Ductility, 48, 159, 163 

of nickel-bearing alloys, 172, 173, 174, 179, 182 
Dye penetrant inspection, 225

Ear irritation, 241 
Ear protection, 242 
Effective casting area, 136 
Ejector location, 202 
Electric furnace, 76, 213 

with high-copper alloys, 189 
with nickel-bearing alloys, 177 
with yellow brasses, 154 

Electric induction melting, 73, 75, 80, 81 
Elongation, 174, 176, 217, 221 
Entrainment of air, 53, 198 

of slag or dross, 209 
Environmental problems and hazards, 48, 73, 84, 154, 174 
Epoxy resins, health aspects of, 237 
Equipment, melting, 73-81 

choosing, 79-81 
types, 73-79 

Erosion, 196-197 
Eutectic alloys, 127 
Eutectic composition, 86, 87, 92 
Everdur, 165, 166, 167 
Expansion-type defects, 20, 24, 104 
Eye irritation, 237, 239, 240, 241 
Eye protection, 241

Feeding, 127-141 
height, 200 

Feeding characteristics, 113 
Feeding heads, see Risers 
Feeding practice, 127, 129, 161, 192 

distances, 143 
efficiency, 139 
paths, 137, 140 
ranges, 133, 135, 136 

Fill rate, 105, 108, 203 
Fine generation and control, 25 
Fins, 195 
Fireclay, 22, 24 
Flow rates, 113, 115, 117 
Fluidity, 83, 203, 205, 216

of copper-silicon alloys, 165, 166 
Flux, 84, 101, 154, 161, 179, 188-189, 190, 210 

inclusions, 208-209 
Foundry shakes, see Metal fume fever 
Fracture test, 88, 216, 219

with copper-tin-lead-zinc alloys, 148
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Freezing range, 113
of copper-tin-lead-zinc alloys, 144 

Freezing rates, 127, 130-131, 135, 138 
Freezing stages, 128, 129 
Fuel-fired furnaces, 73, 80, 81, 213-214 

with aluminum bronzes, 161 
with copper-tin-lead-zinc alloys, 148 
with high-copper alloys, 188 
with yellow brasses, 154 

Fuels, 73
Furan binders, 30, 31, 32-33, 40-41, 188 

health aspects of, 237-239, 240 
Furfuryl alcohol-formaldehyde, see Hot box resins 
Furnace atmosphere control, 213-214 
Furnace selection, 83, 99 
Furnace type and gas content, 93, 94-95

Galling resistance, 172, 177 
Gas absorption

in copper-silicon alloys, 168 
in copper-tin-lead-zinc alloys, 148 
in high-copper alloys, 191 
in nickel-bearing alloys, 178 

Gas entrapment, 54, 198 ____
Gas porosity, 53, 56, 83, 85, 86, 87, 199, 219 

in high-copper alloys, 187 
in nickel-bearing alloys, 178, 182 

Gases in copper-alloy melts, 85-101
casting variables affecting gas content, 93-97 
identification, 87-90 
and mechanical properties, 97-99 
removal, 90-93 
in silicon brasses, 166 
testing for, 88-90 

Gating, 83, 97, 113-124, 133, 138, 140, 200, 203, 204, 207, 
208, 210
of aluminum bronzes, 160-161 
of copper-silicon alloys, 168 

Gating ratios, 118, 121
Gating systems, 56, 84, 105, 119-122, 138, 196 

for aluminum bronze, 162 
with copper-tin-lead-zinc alloys, 148 
kiss, 121, 124, 138, 148, 180 
knife, 121-123, 180 
for nickel-bearing alloys, 180 

Grain refinement, 127, 131-132, 143 
in aluminum bronzes, 159 
in leaded yellow brasses, 153 

Grain size, 159, 177, 225 
in die casting, 168 
enlarged, 104 

Graphite, flake, 110 
Graphite wash, 188
Green sand molding, 17-19, 134, 195, 196, 198

Hardening of binders, 30 
Hardness, see Mechanical properties 
Health, 235, 242 

hazards, 174, 188, 190 
Heat balance, 54 
Heat losses, 134
Heat radiation to working area, 80
Heat resistance of nickel-bearing alleys, 171
Heat treatment, 173, 175, 183-184, 191-192

H ercu loy, 165, 167 
H exa, 30, 237, 240 
H igh-copper a llo y s, 1, 3
H orizontal-azis casting, see Centrifugal casting
H ot-box p rocess, see Coremaking
H ot-box resin s, health aspects o f , 239-240
Hot-short cracking, 51, 177, 182, 183, 184, 188
Hot spots, 138, 219
Hot tears, 23, 56, 188, 202-203, 225
Hydrogen, 198, 201, 202

absorption in nickel-bearing a llo y s, 179 
H yd rogen -oxygen  equilibrium  reaction, 86  

H ydrogen p orosity , 92 
H ydrogen so lu b ility , 85, 101

in n ickel-bearing a llo y s, 178, 182

Impact strength, 222, 227 
Inclusions, 195 
Indirect-arc furnaces, 78, 80 
Induction furnaces, 76-78, 80, 94 

channel-type, 109, 110 
with copper-tin-lead-zinc alloys, 148 
coreless, 77
with high-copper alloys, 188 
with nickel-bearing alloys, 177, 179 
non-tilting, 77 
tilting, 77
vertical ring or channel type induction equipment, 78 
with yellow brasses, 154 

Inductive couple plasma analysis, 221 
Inert dusts, see Nuisance particulates 
Input materials, 83-84, 161, 198 

for high-conductivity copper, 189 
for high-copper alloys, 190 

Interpass-temperature control, 183 
Investment casting, 17, 53, 65-69 
Iron additions

to aluminum bronzes, 159 
content, 201, 210 
effect on conductivity, 189, 193 
in nickel-bearing alloys, 177 

Iron in solution, 50, 166

Joining characteristics, 227, 231 
Jolting, 27
Jolt/squeeze machines, 27

Kaolinite clays, 22

Laboratory tests, 220-221 
Ladles, 106-108 
Lancing, 178, 179 
Late additions, 83, 84 
Layer porosity, 130, 132 
Lead, 48-50, 145, 158, 163 

in high-copper alloys, 193 
in nickel-bearing alloys, 176, 178, 183, 184, 205 
intoxication, 235 

Lead sweat, 197-198, 216 
Leaded tin bronzes, 113, 143 
Leakage under pressure, 195 
Leakers, 200-202, 219 
Leggings, 242
Limiting creep strength, 227, 230 
Liquid penetrant inspection, 180



lechanical properties, 1, 49-51, 53, 56, 62, 83, 97-99,
103, 113, 132, 138, 221 
of aluminum bronzes, 158, 159, 160 
of copper-tin-le.ad-zinc alloys, 147, 149 
of high-copper alloys, 188, 192
of nickel-bearing alloys, 171, 172, 174, 176, 177, 179, 184 
of silicon bronzes, 165, 168 
of yellow brasses, 152, 153 

dechanical tests, 221-222 
4elt control, 83-101 

with copper-tin-lead-zinc alloys, 148 
delt covers, 84, 93, 95-96, 99, 101, 178, 179, 190, 191, 

208, 214 
4elt losses, 84, 213 
delt preparation 

in die casting, 51 
in permanent mold casting, 56-58 

Melt temperature control, 214-215 
vlelt time, 99 
Melting atmosphere, 75 
Meniscus effect, 189 
Metal fume fever, 235, 236 
Metal penetration, 205-206 
Vletallic projections, 195 
Metallography, 225 
Microshrinkage, 200-202
Misruns, 54, 104, 108, 109, 119, 122, 124, 180, 202, 

208-209, 214, 215, 216 
Modulus of elasticity, 227 
Modulus method, 135, 200 
Mold materials, 83, 93, 96-97 
Lost-wax process, 17, 58, 65-69 
Lubricity, 50
Lung inflammation, see Pneumonitis 
Machinability, 48, 227, 230 

of aluminum bronzes, 158 
of nickel-bearing alloys, 176, 179, 182, 184 
of yellow brasses, 152, 154 

Macroshrinkage, 200-202 
Magnesium additions, 51 

in nickel-bearing alloys, 177, 179, 184 
Magnetic behavior, 225 
Magnetic permeability, 159-160 
Magnetic stirring, 90, 91, 95, 96, 99 
Maintenance, 80-81 
Manganese, 50, 152, 159, 210 

bronze, 1, 4, 50, 56, 103, 113, 133, 134, 151, 157, 
166-167, 180, 181, 200, 222 

in nickel-bearing alloys, 177, 179, 184 
poisoning, 235, 236 

Mass feeding, 129, 130, 138 
Mechanical erosion, 46 

erosion, 179, 180 
Mold temperature, 53-54 
Mold washes (dressings), 54-55 
Molds

cement-bonded sand, 29 
dry sand, 28-29 
expendable sand, 17, 114 
moving, 109 
multi-cavity, 121 
reusable metal, 17 
skin-dried, 28-29 
squeezer, 114

stationary, 109 
Molybdenum, 55
Monday morning fever, see Metal fume fever

Monel metal, 171, 172 
applications, 184 
casting defects, 182 
gating, 180
melting practice, 178-179 
metallurgy, 177 
risering, 180-181 
silicon in, 184 
softening by annealing, 184 
weldability, 183 

Montmorillonite clays, 22-23 
Mulling, 28

Natural gas, 73
Nickel-bearing alloys, 171-185 
Nickel-silver alloys, 128, 171 
Nickel-tin bronzes, 171, 172, 176, 177 
Niobium, 113

additions to nickel-bearaing alloys, 171, 173, 179, 180, 
182, 184 

Noise, 78, 79, 80, 242 
Nose irritation, 237, 241 
Nose-tilt furnace, 103 
Novolak, 30
Nuisance particulates, 241
Optical emission spectroscopy, 220-221
Ounce metal, 143
Oxidation in nickel-bearing alloys, 178, 179, 180 
Oxide seams, 210 
Oxide sleeve, 103 

inclusions, 180, 208, 225

Parted molds, 17 
Penetration, 104 
Permanent mold casting, 51-58 

alloy characteristics, 56 
cost effectiveness, 51 
characteristics of castings, 51-53 
equipment, 53 
melt preparation, 56-58 
mold design, 55-56 
mold material, 55-56 
process parameters, 53-55 
with silicon brasses, 165 

Phenolformaldehyde, see Hot-box resins 
Phenolic binders, 33-41 
Phenolic one-step resins, 31 
Phenolic resins, health aspects of, 239 
Phenolic urethane no-bake binders, 34-35, 41 
Phos-copper addition, 92, 93, 179 
Phosphoric acid, 237, 239 
Phosphorus, 205

additions, 92, 153, 158, 159, 180 
contamination, 183, 184, 189, 193 

Physical properties, 50-51, 56 
Pinholes, 198-199
Pipes, formation in freezing, 129, 130 
Pit furnaces, see Crucible furnaces 
Plaster mold casting, 63-65 

applications, 65 
mold preparation, 64



Pneumoconiosis, 236 
Pneumonitis, 236 
Polytetrafluoroethylene, 91 
Poured weight, control of, 109 
Pouring, 103-111

automatic, 104, 108-111 
manual, 105
rate, 53, 104-105, 110-111, 116-118 
temperature, 28, 53, 104, 106, 108, 182, 200, 201, 202, 

205, 208, 214, 219 
Pouring basin, 105, 113, 114, 117 
Pouring boxes, 104, 108 
Pouring cup, 103, 104 
Pouring height, 108, 199 
Precipitation hardening, 173, 188, 192 
Pressure die casting, 17, 42-46, 53 

cold chamber, 42
with silicon brasses, 165, 166, 168, 169 

Pressure-leakage test, 200 
Pressure-pour automatic pouring system, 109 
Pressure tightness, 130, 132, 137, 138, 147, 153 

in nickel-bearing alloys, 176 
Properties of copper-base alloys, 227-233 
Protective equipment, 241-242 
Purchasing standards, 217-220 
Purging, 85, 86, 90, 91, 101 

in aluminum bronze, 162 
Pyrometers, 215

Quality control, 211-225

Radiography, 180, 222-224 
Ramming, 27, 196, 199, 205, 208 
Rat tails, 20, 24, 203-204, 207 
Recording power meter, 215
Red brasses, 1, 3, 51, 89, 92, 113, 128, 131, 132, 137, 143, 

201, 208, 209, 215, 216-217 
Reduced-pressure test, 88-90, 91, 93, 97 

with copper-silicoi) alloys, 168, 216 
with copper-tin-lead-zinc alloys, 148 

Refractory coatings for chemically bonded sands, 40-41 
for graphite crucibles, 178 
in ladles, 107 

Remelting, 92
Resistance furnaces, 78-79, 80 
Respirators, use of, 242 
Respiratory tract irritation, 235, 239, 240, 241 

with silica sands, 21 
Returns, 83, 84, 94, 178, 190 
Reverberatory furnace, 75-76 
Risering characteristics, 113, 127 

with aluminum bronzes, 160-161 
with copper-tin-lead-zinc alloys, 148 
technique, 138, 196 

Risers, 84, 127, 132, 133-140, 181, 200, 201, 204 
Rocking-arc furnaces, 78, 80 
Rockwell hardness test, 222 
Rotary furnace, 75
Runners, 118-121, 160, 162, 180, 199

Safety, 62-70 
Sand, 195-210 

core, 96 
dry, 96 
green, 25

naturally bonded, 19-20 
no-bake-use, 37-38, 180 
olivine, 21, 180, 208 
preparation, 23 
silica, 20-21 
synthetic, 188 
unbonded, 20-21 
waterless, 28 
zircon, 21-22 

Sand casting processes, 17-40 
common defects in, 195-210 

Sand inclusion, 196 
Sand reclamation, 41-42 
Sandslinging, 28 
Sand wash, 180
Scabs, 20, 24, 182, 195, 204, 206-208, 209

Scrap, 83, 178, 189, 190, 212-213
Screening of sand, 19
Secondary ingot, 83-84
Section thickness, 28, 56, 98, 137, 138-139
Segregation, 127, 132, 143, 146, 202, 225
Self-annealing, 163
Self-setting binders, 32-35
Self-setting reactions, 30
Semi-centrifugal casting, see Centrifugal casting 
Semi-red brasses, 1, 3, 51, 113, 201, 208, 209 
Shakeout, 28 
Shank, pouring, 105-106 
Shaw process, 67-68 
Shell molding, 30, 180 
Shell process, health aspects of, 239 

see also Coremaking 
Shrinkage, 85, 103, 199-200, 214
Shrinkage porosity, 53, 56, 83, 87, 104, 127-130, 138, 181, 

200-202
characteristics in nickel-bearing alloys, 179 
in copper-silicon alloys, 168 

Shrinkage test, 215-216 
Shrink bob, 120 
Sievert’s law, 85-86, 90 
Silenium, 183, 184 
Silica dust, 241 
Silicates as binders, 38, 40 
Silicides, 174, 176, 177, 184 
Silicon, 48, 159, 198, 210, 211

additions to nickel-bearing alloys, 171, 172, 173, 174, 
178, 179, 180, 182, 184 

effect on conductivity, 189, 193 
Silicon brasses, 1, 4, 56, 103, 113, 165-169 
Silicon bronzes, 103, 113, 165-169 
Silicon carbide, as crucible material, 84 
Silicosis, 236, 241 
Simple burners, 75 
Simple gases, 85-86 
Sink marks, 204-205 
Skin drying, 28-29
Skin formation, 127-128, 130, 131, 132 

in copper-silicon alloys, 168 
Skin irritation, 239, 240, 241 
Slag, 208-209, 210

and aluminum bronzes, 161 
entrapment, 104, 105, 118 
in high-copper alloys, 189
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ladle, 107
nickel-bearing alloys, 180

Sleeves, 134, 138 
Smoke, 79, 80 
Solidification, 127-141 
Solidification constant, 131 
Solidification contraction, 204 
Solidification front, 127-128, 133 
Solidification rate, 93, 97
Solidification shrinkage, 50, 121, 137, 195, 200, 201, 215, 

219
Specifications, 9-10 
Specific gravity, 227 
Spillage, 108, 109, 113, 114 
Spinodel decomposition, 176 

hardening, 184 
Splashing, 108, 109, 162
Sprue, 18, 53, 104, 105, 113, 114-115, 122, 124, 154, 160, 

162, 180, 197, 208 
design, 103 
dimensions, 120 
height, 199 
location, 108 
taper, 120 

Squeezing, 27
Stannosis, see Pneumoconiosis 
Steam formation, 104 

reaction porosity, 179 
Steel molds, 55 
Stirring, 103 
Strainer cores, 116 
Strainers, 116 
Straube-Pfeiffer test, 89 
Strength, see Mechanical properties 
Stress relief annealing, 153, 155, 159 
Suck-in, 204-205 
Sulfur pickup, 87, 183, 184 
Surface-bubble test, 90
Surface collapse, see Solidification contraction 
Swells, 195-196 
Synthetic sands, 20 
System sands, 23-25 

overheating, 25 
recycling, 24 
tests for control of, 26 

Tapping temperature
for nickel-bearing alloys, 129 
for yellow brasses, 154 

TEA, 237 
Teflon, 91 
Tellurium, 184
Temper anneal heat treatment, 159 
Temperature control, 109 
Temperature and gas solubility, 93, 95 
Tensile properties, 50, 98, 221

of nickel-bearing alloys, 171, 173, 174, 175, 176 
purchasing requirements as to, 217-218 

Test bar, 57, 218 
coupon, 179, 190 

Thermal fatigue, 46 
Thermal gradient control, 97 
Thermal shock resistance, 55 
Thermocouples, 215

Thermosetting binders, 30-32 
Thermosetting reactions, 30 
Tilt-casting, 200 
Tilting furnace, 75, 103 
Tilting-type coreless induction furnace, 76 
Tin, 48, 145, 193, 201
Tin bronzes, 1, 4, 113, 128, 143, 165, 201, 216-217 

leaded, 113, 143, 198 
Tin fumes, 236 
Tin sweat, 132, 197-198 
Titanium, 179 
Tombasil, 48
True centrifugal casting, see Centrifugal casting 
Trunnion-mount furnace, 103
Turbulence, 53, 104, 113, 118, 120, 154, 160, 168, 180,

198, 209, 218 
Unified Numbering System for metals and alloys, 1 
Urea-formaldehyde, 240 

see also Hot-box resins 
Urea-furan resins, 31 
Urethane resins, 33-34 

health aspects of, 240-241 
Vacuum degassing, 86, 90 
Vapor curing binders, 30, 35-37 
Vapor losses, 84 
Veining, 60, 195, 196 
Vendor analysis, errors in, 212 
Ventilation, 242 
Vents, 198 

venting, 199,203 
Vertical-axis casting, see Centrifugal Casting 
Visability, reduction due to dusts, 241 
Vortex formation, 117 
Wash, 196-197, 203 
Wave-front freezing, 89 
Wear resistance, 177, 184 
Web gate, 120 
Web-Webbert bar, 98, 175 
Weldability, 220 

of nickel-bearing alloys, 171, 173, 174, 176, 180,
182-183 

X-ray fluorescence, 220, 221

Y-block, 87, 97
Yellow brass, 1, 3, 47, 50, 53, 56, 113, 119, 127, 128, 131, 

151-155, 200, 208, 210 
melting and pouring, 154 
metallurgy, 151-153 
properties and applications, 154-155 

Yield strength, 98, 217, 227
Zinc, 1-4, 47, 48, 50, 51, 91, 144, 158, 159, 210, 212 

additions, 93, 154, 167 
in copper-silicon alloys, 165, 168 
in high-copper alloys, 193 
in high-zinc alloys, 103 
in nickel-bearing alloys, 176, 179, 180 
oxidation of, 110 
vapors, 154 
worms, 154 

Zinc flare, 84, 166, 214, 215 
Zinc poisoning, 236 
Zinc worms, 154, 208, 209 
Zirconium, 131, 132, 208 

in nickel-bearing alloys, 176
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