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Foreword

Historical Review of
Abrasion Resistant Cast Irons

A special contribution by John Dodd

This review was conceived as a means of bringing together
technical data on the production and properties of alloyed
white irons, which has been derived from many years of
experience, a vast amount of research and many in-plant
investigations by more than a generation of metallurgists.
Much of this information has been considered as proprietary
by foundrymen who have pioneered improvements in the
technology and, obviously, wished to preserve their market-
ing advantage.

The AFS Special Irons Committee 5-D, which has spon-
sored this publication, played amajorrole in the collection and
dissemination of sound technical information on the highly
alloyed irons since its inception in 1976. The committee also
served as a forum for metallurgists and others with a particular
interest in this area of abrasion-resistant castings, as well as
provided the opportunity to socialize with kindred spirits.
Norman Lillybeck (now retired, then with John Deere) de-
serves recognition as the father of the Special Irons Commit-
tee. He felt that the high-alloy irons were not getting the
attention they deserved by the AFS Gray Iron Research
Committee 5-H and organized a long-delayed vote to create
the Special Irons Commiittee.

Abrasion-resistant castings are tested more severely than
many other castings, since much of the casting is worn away
in service. Differences in performance are easily noted, and
one supplier can be compared with another. Premature failure
by fracture or excessive wear can readily be assessed and
related to the initial cost. Over the years, three factors have
been the driving force for continued technical innovation:
(1) improving resistance to fracture; (2) increasing resistance
to abrasive wear; and (3) achieving these goals at an accept-
able cost.

The high-alloy white irons currently being produced by
capable foundries are now working under impact conditions
that would have been unthinkable some 30 years ago. Re-
duced wear rates have allowed substantial reductions in main-
tenance costs in crushing and grinding operations, which have
more than paid for any of the extra alloy costs.

There are many pitfalls for foundries just beginning the
production of these vastly improved high-alloy white
irons ... also for long established foundries in which the

loss of experienced personnel has downgraded hard-earned
expertise.

The following summary of the salient features in the
development of the alloy irons is perhaps the easiest way to
understand these irons and the potential pitfalls, which are
seldom emphasized in the published literature. This approach
also shows how the alloys were developed in a continuing
process, over the years. Even long-established alloy irons,
like Ni-Hard, can be improved, as the late Gordon Cox
demonstrated some 50 years after its introduction. Improve-
ments in properties are likely to continue; we can expect
modifications to the carbide structure to improve toughness
and the introduction of even harder carbides to increase
abrasion resistance.

The role of major alloy suppliers in the development of
alloy irons cannot be overemphasized. The Electro Metallur-
gical Company in Niagara Falls, New York supported the
development of the high-chromium irons for some 40 years
from 1918, and the Climax Molybdenum Company (head-
quartered in Greenwich, Connecticut) continued this support
for a further 25 years from 1960. The International Nickel
Company (or INCO) in New York provided strong marketing
and development support, worldwide, for the Ni-Hard irons
from 1928 for about 50 years. Eventually, the need to compete
against new low-cost sources of alloys did not allow a margin
on the price of alloys for the continued support of the foundry
industry by the major alloy suppliers.

Development of Abrasion-Resistant Alloy Irons

Like many other technologies, the development of the abra-
sion-resistant white irons has occurred in clearly defined
phases. The aims of higher abrasion resistance and better
toughness at an acceptable cost have been the guidelines for
development of white irons.

Low-Alloy White Irons

Before the invention of the high-alloy white irons, low-alloy
chilled or pearlitic white iron was used for a vast number of
applications—from plough shares to rolls in rolling mills—to
resist wear and abrasion. There seems to have been no connec-
tion between this huge low-alloy iron industry usage and the
development of the high-alloy irons. The Electro Metallurgi-
cal Company, in whose research laboratories the remarkable
properties of the first high-alloy chromium irons were discov-
ered, was, however, a supplier to the low-alloy iron industry.
It also used many low-alloy iron components in the crushing



of ferroalloys and recognized the value of its high-chromium
alloy iron discovery.

High-Chromium Alloy White Irons

The high-chromium white irons were discovered in the course
of research around 1915. The discovery was made by Frederick
Becket, an English metallurgist in the Niagara Falls Research
Laboratories of the Electro Metallurgical Company. His ob-
jective was to develop new tool steels, based on chromium.
This work was intended to offset possible shortages of critical
alloys in the manufacture of tool steels during the first-world
war, and was not aimed at improving the low-alloy white
irons. Becket would seem to have invented the very first
highly alloyed iron and, in 1916, described its characteristics
and applications in U.S. Patent 1,245,552. High-carbon high-
chromium alloys produced in this investigation were found to
be less brittle than the unalloyed white irons and were ex-
tremely hard; they also had excellent heat and corrosion
resistance.

The development and promotion of these 25-30% chro-
mium irons were a major breakthrough in cast iron technol-
ogy. It seems likely that this work stimulated the research
program mounted by INCO a few years later, to find applica-
tions for nickel in abrasion-resistant cast irons.

Ni-Hard AR Cast Iron

In the mid 1920s, research initiated by INCO to increase the
market for nickel led to the second important new abrasion-
resistant white cast iron: Ni-Hard. Paul Merica, James Vanick
and Thomas Wickenden of INCO discovered that a combina-
tion of nickel and chromium added to a cast iron would
produce a structure of martensite and austenite with a high
resistance to abrasion and wear in the as-cast condition. This
alloy was then promoted very strongly, worldwide, for more
than half a century under the “INCO” trademark of Ni-Hard.
Unlike the chromium irons that required electric melting, Ni-
Hard could be produced in the cupola furnace. This class of
iron had relatively good castability and became, for many
years, the most widely produced abrasion-resistant castironin
the world.

Further Development of

High-Chromium Irons

From 1920 onward, the Electro Metallurgical Co. (now a unit
of Union Carbide and Carbon Corp. in New York City) used
arange of 15-35% chromium, 1.5-3.0% carbon alloys in their
own works, to reduce maintenance costs in crushing and
grinding operations and in high-temperature applications. In
addition, they promoted these new alloys, worldwide, to
increase their market for ferrochromium.

The high-chromium irons could not be melted easily in the
cupola furnace, due to the high affinity of chromium for
carbon. Thus, their production was largely restricted to found-
ries with electric melting furnaces, and this undoubtedly
hindered their market penetration. As electric melting became
more common, large tonnages of the high-chromium alloys
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were produced and used in the as-cast condition, i.e., without
any heat treatment. They were found to be less brittle than the
Ni-Hard irons and were often more resistant to abrasion. The
higher-chromium irons also proved to be particularly useful in
pumps, where a combination of corrosion resistance and
abrasion resistance is necessary.

Large tonnages of the high-chromium irons were produced
around the world, particularly in the form of small- to me-
dium-sized castings (although quite heavy steel mill rolls
were made in the 1930s). Thick-section high-chromium iron
castings, however, did not always seem to have the uniform
high abrasion resistance for which the smaller castings were
noted. Ni-Hard castings, on the other hand, when made to the
correct composition, always had an excellent predictable life
in both light and heavy castings.

Inconsistent Performance of

Early High-Chromium Alloy Irons

Careful records were kept by the Electro Metallurgical Com-
pany of the many trials and long-term use of the chromium
irons in their production plants. Over the next 20 years,
numerous investigations could not determine why irons of the
same or very similar chemical composition could differ quite
markedly in service life. Small and light castings, however,
always had excellent abrasion resistance. Over a decade later
in 1955, Bradley & Foster, Ltd., a major foundry in England,
was forced to accept the fact that, even with excellent control
of chemistry within the accepted tolerance limits, their cus-
tomers’ complaints of variable performance were indeed
justified. This led to a systematic investigation by them in
1962 of the effect of various alloy additions (Ni, Mn, Mo, Si,
Al and Ti) to a wide range of chromium and carbon composi-
tions.

Small specimens from 45 compositions selected were
melted, simultaneously, in a tool steel heat-treatment furnace
and then cooled to room temperature at various rates. These
rates were chosen to simulate the commercial cooling rates of
thin- and thick-section castings. The microstructure, hardness
and magnetic properties were examined to establish the effect
of the alloy additions and the cooling rate. From this investi-
gation, composition limits were selected to ensure that both
thin- and thick- section castings could be cast, free of pearlite.
Pearlite had been found earlier in some heavy castings and
was considered to be the principal factor in reducing service
life. This investigation was necessary, because no published
information could be found, at that time, as to the effect of
alloys on the structure of slowly-cooled high-chromium high-
carbon alloys, in either the as-cast or heat-treated condition.

The use of a hollow core was developed to obtain samples
from the center of heavy castings, to ensure (by metallogra-
phy) that they were free of ferrite and pearlite. The structure
of all small non-heat-treated castings was checked routinely
with a portable magnetic measuring device to ensure that they
were austenitic. These investigations and procedures ended
the pattern of inconsistent abrasion resistance in castings in

Abrasion-Resistant Cast Iron Handbook



the as-cast condition from Bradley & Foster. The investiga-
tions and procedures also led to the use of suitable alloy
additions to suppress the undesirable formation of pearlite in
heat-treated castings.

Many foundries, at that time, melted both Ni-Hard and
high-chromium irons. The production of pearlite-free high-
chromium irons, in thick sections, could occur by chance, if
enough nickel was picked up from a preceding Ni-Hard melt.
As little as 0.3% nickel could ensure a fully austenitic matrix
structure in castings containing some 28% chromium, in
sections up to 2 in. (5.1 cm) thick. This powerful effect of
nickel was not known at that time. Thus, pearlite-free heavy
sections were being produced successfully, only if the chro-
mium iron melt followed a melt of Ni-Hard.

In the late 1950s, variable abrasion resistance of heavy
castings produced with the Climax 15% chromium, 3%
molybdenum iron, were observed by T.E. Norman at the
Climax mine in Colorado. This led to the development of the
Climax 20% Cr, 2% Mo, 0.5% Ni alloy, to ensure freedom
from pearlite, and to ensure optimum abrasion resistance. This
alloy was soon modified to contain 1% copper instead of
nickel, to avoid a conflict with Abex Foundry’s Para-
boloy 20% Cr, 2% Mo, 0.5% Ni alloy iron patent, published
later.

This patented range of composition was developed by H.S.
Avery of Abex, who used a wet-sand-abrasion testing ma-
chine and wear test results to overcome and understand the
variable abrasion resistance of heavy high-chromium iron
castings produced there. Avery was able to demonstrate the
influence of alloys, such as nickel and molybdenum, on the
wear resistance of irons with chromium content of between 12
and 26% and carbon content from 2.5 to 3.4%. Both
overalloying and underalloying reduced abrasion resistance
of heat-treated samples. Both the Climax 20% Cr, 2% Mo, 1%
Ni or Cu alloys and the Abex-Paraboloy suppressed the
formation of ferrite and pearlite in large slowly-cooled cast-
ings and gave dramatically improved abrasion resistance. In
hindsight, the change from nickel to copper, by Norman, had
the unexpected benefits of a higher hardness in the heat-
treated alloy, a cheaper alloy and less problems with retained
austenite.

Later investigations, published by R.B. Gundlach, then
with Climax Molybdenum, using a specially developed pin
abrasive wear test, allowed other foundries to correct their
techniques of producing as-cast high-chromium irons to avoid
the formation of soft pearlitic or ferritic structures.

Retained Austenite:

A Major Factor in Premature Failure

In many applications of both Ni-Hard and high-chromium
iron castings, chipping or spalling around bolt holes and at
exposed edges of mill liners were observed in applications
where high-hardness heat-treated grinding balls impacted on
either fully austenitic or largely austenitic castings. The sever-
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ity of this spalling was always greater with Ni-Hard than with
chromium iron, in the same application.

Still in the 1960s, R.H.T. Dixon, an engineer with Mond
Nickel Co. in Birmingham England (a Div. of INCO), inves-
tigated this spalling problem, since it had resulted in many
catastrophic failures of Ni-Hards. The problem was explored
with the aid of a drop-ball impact machine. Increasing the
hardness, by reducing the austenite content of Ni-Hard grind-
ing balls by heat treatment, increased resistance to spalling in
this test. Unfortunately, the improved impact resistance ob-
tainable with alloys of the Ni-Hard type by heat treatment was
not sufficient to ensure freedom from spalling in all types of
cement mills. As a result, as-cast, largely austenitic, high-
chromium irons, which were much more resistant to spalling
in the as-cast condition, rapidly replaced the heat-treated Ni-
Hard used for balls and liners in many applications.

For some two or three years, austenitic high-chromium
iron liners and balls worked well together. Then, the introduc-
tion of extremely hard (in excess of 800 HV) martensitic high-
chromium iron grinding balls resulted in a whole new spate of
premature failures due to spalling and breaking. Based on the
earlier experience with Ni-Hard failures, heat-treatment was
seen as a way to reduce the austenite content of the high-
chromium irons, to improve their resistance to spalling. How-
ever, heat treatments that appeared to produce a martensitic
matrix did not eliminate spalling and, furthermore, could
make it worse.

Based on magnetic and hardness measurements, incom-
plete transformation to martensite was thought to be the
problem. Attempts to further reduce the retained austenite, by
tempering at a high temperature, only resulted in a large
reduction in hardness.

A major contribution to the metallurgy of the high-chro-
mium alloys was made by the Belgium Foundry Societe
Anonyme Foundries Magotteaux. In a 1971 patent, they
disclosed a method to optimize both the wear resistance and
toughness of the high-chromium alloys. This foundry was the
first in the world to measure retained austenite, by x-ray
diffraction, as a quality control in the production of high-
chromium irons. The castings produced by the technique
described in their patent were martensitic, extremely hard,
free of pearlite and had a low retained austenite content for
maximum resistance to severe repeated impacts.

The patent specification clearly states that, if the retained
austenite is too high (i.e., above 3%), heavy, repeated impacts
will generate high residual stresses, which can cause prema-
ture destruction of the castings by breaking, chipping or
spalling. Certainly, the “Maxicrom” high-chromium iron,
developed by Victor Joiret at Magotteaux, containing some
17% Cr and 0.8% Mo, with a hardness in excess of 60 HRC,
set completely new standards for resistance to both abrasion
and spalling, when subjected to severe, repeated impacts, as
are grinding balls and liners in milling applications.

vii



Contrary to most other hard materials, the high-chromium
irons are most resistant to spalling and premature failure at the
highest levels of hardness. Unfortunately, very little of the
European research was published, and attempts in the U.S.A.
to utilize the high-chromium irons for the extremely large
castings needed in the mining industry and for the manufac-
ture of steel mill rolls ran into formidable problems in the
late 1960s.

The published technology necessary to overcome these
problems was based, to a large extent, on the high-chromium
molybdenum iron research undertaken by the Climax Molyb-
denum Company, and a continuous campaign for the develop-
ment of production techniques with cooperating foundries.
This was asituation exactly analogous to the Ni-Hard research
and development program mounted by the International Nickel
Company, decades earlier.

Control of Matrix Structure

Once ithad been established in the late 1930s that the abrasion
and spalling resistance of the high-chromium irons depended
on both the very hard chromium carbides in this type of iron
and the matrix structure in which the carbides are imbedded,
considerable research efforts at Union Carbide’s lab in Nia-
gara Falls were concentrated on control of the matrix struc-
ture. Early studies there by P. Burgess found that the proper-
ties of high-chromium irons were not significantly changed by
conventional heat-treatment processes. As a result of this
study, only as-cast austenitic irons were promoted, for many
years. Burgess used techniques that were usually used for
hardening steels. These techniques were later found to be
unsuitable for rapidly cooled austenitic high-chromium al-
loys. To control the matrix structure, high-chromium alloys
must be destabilized by soaking at temperatures in excess of
954C (1750F) for at least three hours, before cooling, to
precipitate excess carbon from the austenite and obtain mar-
tensitic transformation on cooling.

More sophisticated studies were made, by F. Maratray and
R. Usseglio-Nanot of the Climax Molybdenum Co. in France,
on the effect of alloys on the transformation of austenite after
destabilization. They investigated the effect of chromium and
molybdenum in a series of 42 alloys. Later, W.W. Cias
extended the studies to include the effects of nickel, manga-
nese and copper. Their results were published by Climax in the
form of continuous cooling transformation (CCT) diagrams.
These diagrams were of great value in estimating the alloy
content necessary to obtain the desired heat-treated structure,
free of pearlite, at various cooling rates, appropriate to either
individual castings or furnace loads of many tons, without the
formation of high-cooling stresses.

Later, a mathematical model was derived by J. Dodd and
J.L. Parks at Climax by regression analysis from this CCT
data, which allowed a more accurate calculation of the neces-
sary alloy content to suppress pearlite. This has proved invalu-
able in developing less drastic air-cooling rates to obtain high
hardness with low residual stresses.
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Further Development of the Ni-Hard Irons

Research initiated in the mid 1920s by the International
Nickel Company led to the discovery of a combination of
nickel and chromium additions to a cast iron that would
produce a structure of martensite and austenite with a high
resistance to abrasion and wear in the as-cast condition.

Unlike the early high-chromium irons, Ni-Hard could be
cast in almost any thickness and, with the recommended alloy
content, it would be free of pearlite and have excellent
abrasion resistance. It is not surprising that for many years Ni-
Hard was the first choice for most abrasion resistant applica-
tions. The spalling problems described earlier led to a wider
use of heat treatment to increase the resistance to spalling, and
this was found to also improve the resistance to abrasion.

Ni-Hard 4

In the late 1940s, research by INCO, to develop new and
improved abrasion-resistant irons containing nickel, led to a
patent and field tests of a cast iron designed to have a eutectic
structure. The improved properties were not considered good
enough, at that time, to justify the higher cost, and no major
marketing effort was mounted.

Research and field trials by Bradley & Foster in England in
the late 1950s, to overcome the spalling failures being expe-
rienced with austenitic high-chromium iron castings and the
established grades of Ni-Hard, led to the commercial produc-
tion of a new alloy iron within the very broad scope of the
eutectic Ni-Hard patent. This new alloy, selected as a result of
those research and field trials, proved to have much better
spalling resistance under conditions of repeated severe im-
pacts than did the original Ni-Hard grades 1 and 2 and had
excellent abrasion resistance, even when cast in very thick
sections.

Thisled to arenewed interest by INCO in this eutectic alloy
iron. A brochure was published by them in England to pro-
mote “eutectic Ni-Hard,” showing pump castings produced as
aresult of the development work by the Bradley & Foster, Ltd.
Research Department.

J. Rickhard of the Mond Nickel Co. in Birmingham,
England, an affiliated company of INCO, began a new re-
search program to optimize the composition and properties of
this type of high-alloy iron and, in 1963, INCO designated the
“eutectic Ni-Hard” composition (essentially the same as that
developed by Bradley & Foster) Ni-Hard 4. The alloy was
then promoted, worldwide, as a means of combating the
nickel-free high-chromium irons that had replaced the older
Ni-Hard irons in many high-impact applications.

Renewed trials of this alloy by INCO in the U.S.A. estab-
lished that it had good corrosion resistance and excellent
abrasion resistance and was considered to be particularly
suitable for the production of large slurry pumps. GeorgiaIron
Works in Augusta, Georgia produced the alloy in large ton-
nages for this purpose and developed proprietary hardening
techniques for increasing abrasion resistance by both cryo-
genic and heat treatment processes.

Abrasion-Resistant Cast Iron Handbook



Premium Ni-Hard

Continuous experimental work by Cox (at that time, with
Sheepbridge Foundry in England), to support the use of nickel
in abrasion-resistant irons, led to the development of higher
hardness Ni-Hard irons, with a lower austenite content in the
matrix. This silicon-modified Ni-Hard has been marketed
under the trade name of Premium Ni-Hard. (Combustion
Engineering also marketed a similar product called Crown
700.) The high hardness level is achieved without a high-
temperature heat treatment by the use of a higher silicon
content.

The carbides in this modified iron are of the same type as
in Ni-Hard 1 and 2 and are softer than the carbides in the
higher-chromium irons. The alloy has good castability and
has proved useful in the production of relatively thin liner
plates used in some types of coal pulverizers. Larger castings,
such as the crusher rolls for the same type of application, have
encountered spalling problems due to the still relatively high
levels of retained austenite.

Foreword

Dr. Gordon Cox deserves a special mention in connection
with the development of the abrasion-resistant alloy irons. His
excellent papers on the nickel-chromium irons reflect his
thorough understanding of both alloy systems and show that
there is still room for innovative thinking.

Closing Comment

In looking back on my career in the development of the high-
alloy irons, I have to thank Dr. J.E. Hurst, one of the pioneers
of cast iron metallurgy and a former managing director of
Bradley and Foster, for giving me the task of developing a less
brittle alloy iron than Ni-Hard.

Written by:

John Dodd

Dodd & Associates, Arvada, Colorado

Chairman of the AF'S Special Irons Committee (5-D),
from its inauguration in 1976 until 1988.



Preface

This handbook project started out as a simple dream of
compiling current literature and organizing this data into a
readable format. Along the way, with the help of my co-
authors Rick Gundlach and Klaus Rohrig, the handbook has
grown and matured into much more. It has been a fascinating
journey and I owe a debt of gratitude to my two friends, Mr.
Jack Rice and Mr. Raymond Schleiden, for helping me com-
plete this journey. The AFS 5-D Special Irons Committee also
has earned a special mention for their constant support and
kind reminders to finish, finish, and finish. Without the AFS
5-D Committee this handbook would never have been com-
pleted. Every member, past, present, and future deserves a
special thanks from every reader.

I view the content of this handbook as a work in progress.
We have tried at every bend of the road to ensure that all facts
arerelevant and practical. Every chapter was read by members
of the Foundry Steering Committee for technical veracity.
Even with this said, we hope that you will report omissions

and corrections to the authors. With your help, we can make
the second edition of this handbook even better.

The American Foundry Society deserves a special recog-
nition for assigning Ms. Karen Frink to work with me on the
editing of this handbook. She was outstanding. She thor-
oughly read every word, every sentence, and every paragraph
and made numerous constructive contributions. It was a
sincere pleasure working with her.

Authors rarely make a living from writing technical hand-
book treatises. As such, I had to sneak in snippets of time to
write, organize, create and ponder within my schedule. My
wife, Ann, was and is wonderful for supporting me in finding
time to write. As is most fitting, she is lovingly acknowledged.

Lastly, I thank the American Foundry Society for finding
room to publish this handbook and supporting its effort
through the AFS 5-D Committee and partial funding for the
authors.

George Laird
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International Molybdenum
Association

The International Molybdenum Association (IMOA) was
founded in 1989 and has become the focal point of promo-
tional, statistical and technical activities for the worldwide
Mo industry. Membership is broad based and includes pro-
ducers, consumers, converters, traders and assayers. IMOA’s
secretariat is based in London.

IMOA’s main activities currently include:

» promoting Mo as a material with superior properties
and performance in a wide variety of metallurgical,
chemical and other product applications;

* monitoring Mo in relation to health, safety and envi-
ronmental issues. With the increasing amount of leg-
islation in many countries relating to the use and dis-
posal of metals and metal-bearing materials, IMOA
provides a centralized service, including research
studies on those issues that may affect the Mo indus-
try;

» collecting the industry’s most comprehensive histori-
cal statistics on world supply and demand of Mo
products, which are distributed to all IMOA members
on a regular basis;

» organizing meetings and promotional conferences
beneficial to the Mo industry;

» preparing worldwide industry guidelines to improve
consistency and quality in sampling and assaying
procedures for Mo concentrates.

List of IMOA Publications

* Molybdenum

 Practical Guidelines for Fabrication of Duplex Stain-
less Steels

» The Evolution of High Performance Stainless Steels

» Applications of Mo Metal & Its Alloys

* Molybdenum in Relation to Health, Safety & the En-
vironment

» Applications of Molybdenum in Environmental &
Human Health Protection

» Procedures for the Weighing & Sampling of
Ferromolybdenum

» Procedures for the Weighing & Sampling of Molyb-
denite Concentrates

» Procedures for the Weighing & Sampling of Techni-
cal Grade Molybdenum Oxide

» Directory of Members (including products and / or
activities)

They can be reached at:
E-Mail: info@imoa.com

Web Site: www.imoa.info
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Use of Mo in Cast Iron Production

Molybdenum increases the strength and hardness of cast irons
by depressing the pearlite transformation temperature. It also
increases elevated temperature strength and creep resistance.
High-chromium irons containing 2-3% Mo exhibit signifi-
cantly greater impact toughness than do Mo-free grades and
are ideal for severe abrasive conditions like those encountered
inmining, milling, crushing, etc. These castirons have accept-
able properties, as cast. This eliminates the need for a costly
heat treatment and makes them a cost effective alternative to
other grinding materials. Reduced levels of austenite formers,
such as nickel and manganese, also minimize the retention of
low-temperature austenite...a potential cause of premature
failures.

There has been growing interest in the use of high silicon-
molybdenum ductile irons with up to 4% Siand 1% Mo. Their
good strength up to 600C makes them a viable and cost-
effective replacement for more highly alloyed irons and steels
in elevated temperature applications, such as turbocharger
housings, engine exhaust manifolds and furnace components.
The austempered nodular irons develop a unique microstruc-
ture, capable of strengths in excess of 1000 MPa (145 ksi) with
good impact toughness. Their exceptional properties are ideal
for critical applications, such as the large gears and crank-
shafts required for power generation, ship propulsion and
large mining equipment.

Nickel Development Institute (NiDI)

The Nickel Development Institute (NiDI) was an international,
nonprofit organization that provide accurate, complete and
up-to-date information on nickel, nickel alloys and nickel-
containing stainless steels. This information was used to solve
materials engineering challenges, including procurement, fab-
rication, troubleshooting and life-cycle management.

NiDI was incorporated into the Nickel Institute
(www.nickelinstitute.org), and no longer exists. We suggest
contacting the Nickel Institute for more information.

Abrasion-Resistant Cast Iron Handbook



Chapter 1

Introduction to AR Cast Irons

Abrasion-resistant (AR) cast irons have microstructures and
properties every bit as complex as the most exotic, advanced
engineered alloy. These materials have been in constant use
for centuriesand hundreds of articleshave been written about
their metallurgical characteristics and wear behavior. The
literature paints a fascinating picture of these irons in that
seemingly small changes in melt conditions, pouring super-
heats (see Glossary), aloy chemistry, cooling rate, or heat
treatment canleadtovastly different wear properties. Whether
it isafoundryman making AR aloys or an end-user trying to
wade through alloy specifications, the underlying science of
why these alloys behave the way they do is quite intriguing.

Itisdifficult to answer al the questions about making and
using AR castironsthat contain hard, wear-resistant carbides.
Nonetheless, this effort offers a look at the AR cast iron
literature and laboratory and field observations. The focus of
thiswork isto create ausable handbook on how to effectively
understand the science and technology of AR cast irons.

In this handbook, AR cast ironsrefer to aclass of ferrous-
based material sthat contain hard, wear-resi stant carbidesand
are processed viatypical foundry routes. These materialsare
characterized by their substantial carbide volume fraction
(CVF), having from 900 to 3000 diamond pyramid hardness
(DPH). The majority of these carbides are formed during
solidification, i.e., they precipitate from the liquid during a
eutectic reaction. (See Glossary for eutectic.)

It is these hard carbides that put the wear resistance into
AR cast irons. Thisis both good and bad. Abrasion-resistant
ironsare well known for their superior resistance to al types
of abrasive wear; however, it isthese same hard carbides that
make these irons prone to low toughness and catastrophic
failures upon impact. Consequently, abrasion resistance and
toughness tend to be mutually exclusive properties in AR
irons.

Abrasion resistanceisnot adistinct property of amaterial,
like hardness or tensile strength, but depends on the micro-
structure of the material and the abrasive environment. This
coupling of microstructure and environment is rather com-
plex, and ever-so-subtle changes may result in significant
changes in the service life of the casting or in the relative
performance of different materials. For example, in gouging,
cutting or scratching types of abrasion, a penetration by the
abrasiveisnecessary, but not every abrasive contact resultsin
particles being detached from the surface. Elastic and plastic
deformation, work-hardening phenomena and the toughness
and fatigue resistance of the material play an important role.

Therearemany good examplesconcerning thedifficulty of
correlating abrasion resistanceto material properties. Inmany
cases, acommonfallback positionisthat aharder material will
bemoreabrasionresistant. Thisiscorrect only to someextent.
Rubber or elastomersshow good abrasi onresistanceincertain
applications and, in many abrasive applications, soft manga-
nesested (i.e., containing no eutectic carbides) givessuperior
performance under certain conditions.

The point of the foregoing discussion is to describe the
countlessfactorsthat should be considered in the selection of
an AR cast iron. A good AR ironwill not only have excellent
wear performance but also sufficient toughness to avoid
catastrophic failure. Microstructure description and how this
microstructure determines the wear performance of the alloy
will be discussed in depth. This fundamental knowledge
shouldallow onetoaccuratel y understand casting and foundry
problems relating to these irons and thereby extrapolate the
use of new irons to more challenging applications.

Why Abrasion-Resistant Cast Irons
Are Known As “White” Irons

The history of carbide-containing or white iron goes back
many centuries. Archeological evidence indicates that the
Chinese were using white cast iron for agricultural imple-
ments and in various weaponry in the form of war axes and
bladesasfar back as400B.C. Thismetallurgical invention, as
with anumber of others, waslost through the shifting sands of
time until the early eighteenth century.

In R. Elliott's book, Eutectic Solidification Processing
(Butterworths, U.K., 1983), the accidental discovery of white
ironisattributed to Robert Ransome, an agricultural manufac-
turer in I pswich, England. It happened when one of hismolds
split during casting, spilling hot metal onto the cold foundry
floor. While he was cleaning up the spilled iron for remelt, he
noticed that the iron appeared “white.” After alittle experi-
mentation, he found that the iron was much harder than gray
iron (which, as you may have guessed, appears gray, when
fractured). Seeing and seizing an opportunity, Ransome con-
structed plowshare molds, which had an iron backing plate.
After casting, the resulting part consisted of ahard, abrasion-
resistant layer (white iron) backed up by a stronger, more
ductile layer for mechanical ruggedness. His abrasion-resis-
tant plows quickly becamethe marketplace standard and, ina
way, Ransome' sfoundry kicked off themodern-day business
of producing AR cast irons.



Classification of AR Cast Irons

Abrasion-resistant cast irons can be classified into five broad
groups, based on their aloying and microstructure;

1. Pearlitic (FeC)

2. Ni-Hard or Ni-Cr (M3C)

4, ngh—Cr (M7C3)

5. Speciaty (M4C)

This simple classification will be the foundation of our
approach to understanding these irons. Later chapters will
expound on this classification and provide a broad working
knowledge about the microstructure of these irons and how
they performin avariety of foundry and tribological environ-
ments.

Pearlitic or Chilled AR Cast Irons

Pearlitic white cast iron is the oldest type of cast iron, pro-
duced especially for resistance against abrasion. It hasbeenin
production for centuries. This family of irons has many
names, and foundrymen refer to these irons asindefinite chill
iron, mottled whiteiron, chill iron, or simply whiteiron. Inall
cases, chilling the iron against a cold surface forms the
abrasion-resi stant carbide network. Theformation of carbides
as opposed to graphite is brought about by the ambivalent
nature of theiron-carbon (Fe-C) system, wherethecarbon can
beprecipitated either asgraphite (stableor equilibrium phase)
or asiron carbide (metastable or nonequilibrium phase). The
former results in the well-known family of gray, nodular,
compacted graphite or malleable irons and the latter in low-
alloy, AR irons or whiteirons.

The metastabl e reaction in the Fe-C system occurs dueto
rapid cooling and typically requires that the liquid iron be
solidified against a cold, conducting surface or “chilled.” As
the iron rapidly coals, it undergoes a eutectic solidification
reaction, forming austeniteandiron carbide. Theiron carbide
iscommonly known ascementite (FesC) (see Glossary) andis
formed by three iron atoms and one carbon atom. Another
name for this eutectic mixture of austenite and cementite is
ledeburite.

As the solidification front moves away from the chill
surface, the solidification rate slows and the iron tends to
solidify viathemorestable, equilibriumroute. Away fromthe
surface, theiron will form a eutectic mixture of austenite and
graphite. This transition from metastable to stable is not
abrupt but gradual. Consequently, the microstructure of a
thick-sectioned, chilled iron will have an abrasion-resistant
carbide surface, atransition zone of carbide and graphite and
afully graphitic structure. This microstructural transition is
showninFig. 1.1

There are several metallurgical procedures that can be
employed to vary the thickness of the abrasion-resistant
surface layer, besides the use of abigger or smaller chill. For
example, if a thinner carbide shell is desired, the silicon
content of the iron can be increased, thereby favoring the
formation of graphite over that of carbide. A thicker carbide
layer can be produced by adding small amounts of chromium
or manganese or by adding elements that inhibit graphite
nucleation or graphite growth (i.e. sulfur, bismuth or tellu-
rium).

Thistype of mixed microstructure—abrasi on-resistant on
the surface and graphitic underneath—is regarded as benefi-
cial in many cases, because the gray iron (graphite eutectic)
provides a backing to the hard, white surface (carbide eutec-
tic). Themore ductile backing layer of gray iron enhancesthe
fracture resistance of the component and makes it easy to
machine on one side. One disadvantage in the use of these
ironsisthat the abrasion-resistant layer is of finite thickness
and can be worn through, exposing the soft, nonabrasion-
resistant sub-layer.

After solidification, duetotheiron’ slow alloy content, the
austenite will almost always transform to pearlite (see Glos-
sary). Only in rare cases—when the section size is very thin
and the cooling rate extremely quick—will the austenite be
retained at roomtemperature. Sincethefina microstructureis
typically a combination of pearlite (which in itself is com-
posed of twodistinct phases, i.e., ferriteand cementite (Fe;C))
and eutectic iron carbide, this alloy is commonly known as
pearlitic white cast iron. Pearlitic white cast irons are only
standardized inthe U.K. and inthe forthcoming EU-Standard

Fig. 1.1. Pearlitic AR cast iron. The carbide structure forms only near the chill. Further away from the chill, the iron reverts back to
its equilibrium graphite structure. 100X.
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(see Appendix E for details). Their composition rangeisvery
wideand isgivenin Table 1.1.

The hardness of pearlitic white cast irons is usualy be-
tween 350 and 500 Brinell hardness(HB) (see Appendix D for
acomplete definition of hardness techniques and conversion
tables). The hardness can be increased by forming more
carbide or by increasing the hardness of the pearlite by
refining itslaminar structure of ferrite and carbide. However,
theseironsare not amiableto heat treating above 600C, since
the metastable carbide network will easily transform into
graphite, rendering the iron soft.

The utility of pearlitic AR cast ironsisthat by ajudicious
combination of chemical composition, inexpensiveraw mate-
rias, chill and mold wash, superheat, pouring temperature,
inoculation and section size of the casting, well-defined layers
of AR castiron can beengineered over aductilesubstrate. The
metallurgical principlesarewell understood, but their practi-
cal production requires a substantial amount of experience
and care; or in other words, it isoften still regarded as more of
an art than engineering.

Ni-Hard or Ni-Cr AR Cast Irons

Industrially, thisclassof irons, best known asNi-Hard, comes
from the International Nickel Company (INCO) and refersto
agroup of four iron compositions (Ni-Hards 1, 2, 3and 4) that
use nickel asthe primary alloying element for hardenability.
Another important distinction within thisgroup of ironsisthe
use of Cr to drive theformation of metal carbides over that of

graphite. Asshown in Table 1.2, it is recommended that the
Ni-Hard irons contain at least 1.4% Cr with more typical
levelsaround 2% Cr. Thepresenceof Cr stabilizestheeutectic
reaction and favors the formation of carbide structure inde-
pendent of cooling rate. Hence, AR structures containing
eutectic mixtures of austenite and carbide can be obtained in
thin and thick section sizesindependent of the use of chills. It
isstill possibleto obtain traces of graphitein thicker sections
or when higher levelsof C and Si areemployed. Barring these
circumstances, the dominant microstructureof Ni-Hardisone
composed of a ferrous matrix surrounded by hard metal
carbides.

When Cr (or, to some extent, Mn and Mo) is used to
stabilizethe carbide phase, themetal carbideisknownasM3;C
to reflect the mixed nature of this phase. The M3C carbideis
visually indistinguishable from the Fe;C carbide, formed in
pearlitic AR cast irons, and occurs through the same eutectic
reaction. Based on Ni-Hard’ s strong use of both Ni and Cr to
obtain their desired wear properties, these materials are also
sometimes known as Ni-Cr irons.

Of all the AR irons, Ni-Hard is produced in the largest
tonnage for a variety of mineral processing industries. Ni-
Hard' slow cost isduetoitslow alloy content, itsability to be
castintoavariety of shapesanditshigh hardnessintheas-cast
condition. Its high hardnessiswhat clearly separatesit from
pearlitic AR cast irons. Ni-Hard' s high hardness results from
the formation of martensite versus pearlite in the as-cast
condition. This metallurgical shift isthe result of Ni-Hard's
high Ni content. The presence of 3-5% Ni allows the virgin

Table 1.1
Chemical Composition and Hardness of Pearlitic AR Cast Irons

Alloying
Element %C %Si %Cr %Ni %Cu

U.K. Std.

24-39 04-15 0.0-20 00-20 0.0-1.5 0.2-1.0 0.0-05 0.0-0.3 1.0max 0.15max

Brinell

%Mo %V %P %S Hardness, HB

350-500

Table 1.2
Chemical Composition and Hardness of Ni-Hard 1 and Ni-Hard 2 AR Cast Irons

Alloying

Element %C %Si %Cr
Ni-Hard 1

ASTM A532-1A 3.0-3.6 0.8 max 1.4-4.0
Ni-Hard 2

ASTM A532 1B 2.9 0.8 max 1.4-4.0
Ni-Hard 1

NiDI 3.0-36 0.3-05 15-26
Ni-Hard 2

NiDI 29max 0.3-05 14-24

in producing a hard structure.

3.3-5.0

3.3-5.0

3.3-4.8

Brinell
%Ni® %Mn %Mo Hardness, HB
20max 1.0 max 550 (typical)
20max 1.0 max 550 (typical)
0.3-0.7 0.4 max 500-700)
0.3-0.7 0.4 max 500-700®@

3.3-5.0

(1) It is possible to substitute copper (up to about 1.5%) for nickel; however, Cu is not as powerful as Ni

(2) Hardness varies depending on heat treatment.
ASTM = American Society for Testing and Materials recommendations

NiIDI = Nickel Development Institute recommendations

Introduction to AR Cast Irons



austeniteto reach the martensite start temperature unhindered
by the formation of pearlite. No transformation reaction is
ever perfect and the as-cast Ni-Hard microstructure will
contain amixture of austenite and martensite. If thecastingis
of variablethickness, then thicker sections of the casting may
contain traces of pearlite. From this discussion, it is obvious
that it is quite difficult to make predictions about acasting's
wear performance, based oninitial chemistry, without know-
ing its dimensions or thermal history.

Table 1.2 presentsabrief ideaof the general compositions
for Ni-Hard, based on the U.S. ASTM specification for Ni-
Hard. International specificationsfor Ni-Hard canbefoundin
Appendix E. Although compositional informationisgivento
the exclusion of other mechanical property data, this exclu-
sion does not imply that it is unimportant. Because chemical
information can bereadily determined, it is often thefavorite
tool of many foundrymen who concentrate on alloy composi-
tion at the expense of mechanical property data. The mechani-
cal properties of an iron (e.g., hardness, fracture toughness,
abrasion resistance, etc.) are as much determined by pouring
superheat or heat treatment asthey arealloy composition. This
point will bedemonstrated throughout the course of the book.
With this caveat in mind, these initial iron composi-
tionsaregiven solely to guidethe reader asto how theseirons
areclassifiedwithinthefoundry world and not asto their wear
resistance or toughness.

Althoughthisbranchor group of ironsiscommonly termed
Ni-Hard, avariety of compositionsareincluded under the Ni-
Hard nameandthey haveawiderangeof mechanical and wear
properties. There is no such thing as atypical Ni-Hard. This
inevitably leadsto problemswhen foundrymen and end-users
specify theironby itscommontradenameand ask for acertain
level of hardnessinthefinished casting. Theproblemwiththis
approach isthat it works often enough to create anillusion of
an effective method for specifying AR iron castings.

Although hardness is readily understood to reflect the
ability of thematerial to resist deformation and hence provide
ameasure of itsstrength and wear characteristics, hardnessin
Ni-Hard and in al AR irons is really an agglomeration of
many separate microstructural components. They all work
together to resist mechanical deformation. For example, Fig.
1.2 shows a polished plane of a Ni-Hard casting after being
dlightly etched with a strong acidic chemical. The chemical
etching attackssomeconstituents(see Glossary) morestrongly
than others and creates a rough or optically contrasting sur-
face. Inthe case of Ni-Hard (and other ferrous-based alloys),
martensiteisreadily attacked by the etch (dissolvesaway and
createsan optical feature) and appearsdark inthepicture. The
other phase present in the matrix is austenite—an iron phase
that isquasi-stable at room temperature—which occurswhen
alloyed with C or Ni or Cr, etc. A complete definition of the
various phasesthat canformin AR cast ironswill begivenin
Chapter 3 on Heat Treatment.

AsshowninFig. 1.2, several other phases or constituents
are also present. If we consider AR irons to be composites,
thenitisnatural tothink of thecarbidephaseasthereinforcing

fiber (or metallurgists might say reinforcing constituent) and
themorepreval ent ferrous phase asthe matrix of the compos-
ite. To demonstrate this concept, the ferrous matrix can be
etched away to reveal the M3sC carbide phase. Viewed by
scanning electron microscopy (SEM) (seeGlossary), Fig. 1.3
shows a photomicrograph of the Ni-Hard reinforcing fiber.

When ahardness measurement of aNi-Hard alloy istaken,
it represents the combined hardnesses of the matrix and the
carbide phase. Onetechniquetoincreasethe hardnessof aNi-
Hard casting is to increase its C and Cr contents. As these
alloying elements are increased, the iron forms more carbide
and the casting increases in hardness. The downside to this
alloy modification is that the casting becomes brittle as the
carbide phase increases to a point that it dominates the
microstructure of the casting. The end result is that the
customer has the specified hardness but isleft with adanger-
oudly fragile casting that could prematurely or catastrophi-
caly fail. Consequently, when quite broad chemistries (i.e.,
the generic Ni-Hard specification) and only one level of
hardnessare specified, awiderangeof microstructureshaving
vastly different wear characteristics can be created to satisfy
a certain hardness requirement.

The example specificationinthe previous paragraphillus-
trates the interplay between aloy chemistry, microstructure
and mechanical properties. To createthe correct alloy for the
application, oneshould beawareof theseinteractionsand play
to their strengths. Throughout the subsequent chapters, an
effort will be made to link iron chemistry to solidification
behavior, to hardenability, to microstructure. With thisunder-
standing, theiron’ smicrostructure can bequalitatively linked
to the required hardness or required mechanical propertiesor
required wear requirements of the application.
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Fig. 1.2. Ni-Hard AR iron showing the eutectic carbides and
matrix phases on a 2D plane that was cut through the iron.
500X.
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Ni-Hard 4 AR Cast Irons

Withtheearly successof Ni-Hard, metallurgistswereencour-
aged to devel op other variantsto thisalloy family. One of the
drawbacks of the Ni-Hard family was their low toughness
under impact conditions. In the early days of alloy develop-
ment, it wasn't entirely clear why Ni-Hard had such poor
toughness. Without going into too much detail, the continuity
of the carbide network was found to be critically important in
controlling the impact toughness of the alloy. Although the
metallurgistsof that day were unaware of thismicrostructure-
to-toughness linkage, their new Ni-Hard alloy (Ni-Hard 4)
containedamuchmorefracture-friendly metal carbide, known
chemically as M;Cz. Consequently, Ni-Hard 4 demonstrated
improved toughness and abrasion resistance when compared
against the original Ni-Hard.

Table 1.3 gives the general specification for Ni-Hard 4.
Depending on heat treatment, the hardness can vary signifi-
cantly. As would be expected, if the toughness and wear
resistance show a change over Ni-Hard, then the internal
structure or microstructure of the iron must also show a
change. Figure1.4isaphotomicrograph that showsapolished
plane from aNi-Hard 4 casting, where part of the matrix has
transformed into martensite (dark, slender and sharp looking
features, otherwise known as* acicular” features) asit cooled
to room temperature. If one concentrates on only the ferrous
congtituent, theNi-Hard 1 or 2 matrix isnearly identical tothe
Ni-Hard 4 matrix. If wedissolveaway theferrous matrix, Fig.
1.5revealsthepivotal component to Ni-Hard 4’ ssuccess—its
harder and more discrete M;C3 eutectic carbide phase.

Increasing the Cr content of the alloy to aminimum of 7%
and the Si content to around 1.8% formsthisimproved M-Cs
carbide. Not only isthecarbidemorediscrete, whichraisesthe
toughness of the iron, the carbideis also significantly harder
thanthe M 3C carbide. Thedownsideto Ni-Hard 4 isitshigher
cost when compared to Ni-Hard.

Whether or not to use Ni-Hard 4 asan AR ironistypically
based on a number of factors. For example, it iswonderfully
fluid and casts exceedingly well due to its near-eutectic
compositionand high Si content. M oreover, with careful alloy
control, it ispossibleto obtain as-cast hardnessesin excess of
600 HB and, through the use of various heat treatments,
hardnesses of over 700 HB.

Fig. 1.3. After chemical attack, the true 3D image of the
carbide structure can be seen by using the high depth-of-field
capabilities of a scanning electron microscope (SEM). Notice
that the carbides are nearly continuous throughout the iron.
1000X.
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Fig. 1.4. A metallographic section from a Ni-Hard 4 casting.
The polished plane shows the characteristic eutectic carbide
shapes found in high-alloy AR irons. 500X.

Table 1.3
Chemical Composition and Hardness of NiHard-4 AR Cast Iron

Alloying
Element %C %Si %Cr
Ni-Hard 4
ASTM A532-ID 2.5-3.6 1.0-2.2 7.0-11.0
Ni-Hard 4
NiDI 2.6-3.2 1.8-2.0 8.0-9.0

5.0-7.0

Brinell
%Ni %Mn %Mo Hardness, HB
1.3max 1.0 max 550 (typical)
0.4-0.6 0.0-0.4 max 550-700()

4.5-6.5
(1) Hardness varies depending on heat treatment.
ASTM = American Society for Testing and Materials recommendations

NiIDI = Nickel Development Institute recommendations

Introduction to AR Cast Irons



Fig. 1.5. The 3D carbide network of a Ni-Hard 4 iron as seen
through SEM. The M,Cs carbides are much less continuous
than the lower-Cr M3C carbides shown in Fig. 1.3. 1200X.

There is an abundance of interesting things occurring
within thisiron family. For example, if the Si content is not
carefully controlled, itispossibleto form duplex carbidesthat
have a hard M7C3 core surrounded by a soft M3C shell.
Besides this strange feature, both Ni-Hard 4 and Ni-Hard
respond extremely well to cryogenic treatment producing
increased hardnessesin the as-cast component of between 80
and 120HB. All of thesephenomenacan beexplained through
direct application of metallurgical principles.
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Fig. 1.6. A metallographic section from a high-Cr casting.
Little contrast is shown between the austenite matrix and the
M;C3 eutectic carbides. Even when severely attacked with a
2% nital etchant, the Cr-rich austenite matrix survives quite
well. As one may suspect, high-Cr irons do quite well in some
corrosive environments. 500X.

High-Cr AR Cast Irons

When toughness, abrasion and, in a few cases, corrosion
resistance are critical, the high-Cr family of AR ironsishard
to surpass. High-Cr irons have been around since the early
1900sand, historically, werethefirst true, alloyed AR ironsin
commercia production. Their mechanical and wear proper-
tiesare derived from awell-controlled (technologically well-
understood) matrix microstructure and their fine distribution
of M;Cz metal carbides. With proper alloying, extremely
thick sections of high-Cr irons can be made with fairly
uniform hardness from surface to core. Typically, this high
hardenability arisesfrom acombination of Cr, Mo, Ni and Cu
alloying elements.

The number of alloy combinationsisamost limitlessand
many foundries enhance their business by promoting one
variant or another of the same aloy. As a start, Table 1.4
gives the U.S. ASTM classifications and their possible
hardnesses. (Other classificationsfor high-Cr ironsare given
in Appendix E.)

Not only are there more variants of high-Cr irons as
compared to the Ni-Hard irons, their mechanical and wear
propertiesal so span abroader range. It isimpossibleto define
atypica high-Cr white cast iron. One characteristic of the
high-Cr family that isabit different fromthe Ni-Cr ironsisits
as-cast structure. After pouring, solidifying and cooling to
roomtemperature, thehigh-Crironsare supersaturated withC
and Cr. In many high-Cr iron compositions, this high alloy
content stahilizes the austenitic matrix all the way down to
room temperature. Nonetheless, the compositional limits of
thehigh-Cr family aresobroad, that theas-cast microstructure
can easily beferritic, pearlitic, bainitic, ausferritic, martensi-
tic, austenitic or usually a mixture. This incredible ferrous
matrix flexibility is one of the reasons that high-Cr irons are
used in awide range of applications.

Figure 1.6 shows a polished plane cut from a thick-
sectioned high-Cr ironin the as-cast condition. The photomi-
crograph is quite bland when compared to the more contrast-
ing images presented by the Ni-Hard family. Thisuniformity
of contrast arises from the relatively inert nature of the
austenite matrix within the high-Cr iron. The high-Cr content
of the austeniterendersit highly resistant to attack by the 2%
nital (see Appendix Ffor details on etchants) and, since other
decomposition (pearlite or bainite) or transformation (mar-
tensite) productsarepresent, themicrostructureappearsrather
bland.

If thematrix ispartially removed by etchant attack, Fig. 1.7
shows that the carbide network looks alot like the Ni-Hard 4
carbides(asit should). Nonethel ess, thereare many subtleand
wonderfully complex differencesbetweenthehigh-Cr andthe
Ni-Hard 4 ironsthat will be explained in subsequent chapters.

There are many reasons for and against casting high-Cr
irons. The most persuasive argument for them isthat high-Cr
irons represent a multivariate system. This is an advantage
because it offers the possibility to tailor them to specific
applications and purposes; however, it involves high risksiif
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Table 1.4
Chemical Composition and Hardness of High-Cr AR Cast Irons

Alloying

High-Cr

High-Cr

High-Cr

High-Cr

High-Cr

High-Cr

(1) Hardness varies depending on heat treatment.

Element %C %Cr %Mo %Mn

ASTM A532-IIA 2.4-28 12 0.5-1.0 05-15 10max 0.5max  400-700 (typical)

ASTM A532-1IB 2.4-28 15 1.0-3.0 0.5-1.5 1.0 max 0.5 max 400-700 (typical)

ASTM A532-lIC 2.8-3.6 15 2.3-3.5 0.5-1.5 1.0 max 0.5 max 400-700 (typical)

ASTM A532-IID 2.0-26 20 15max 05-15 10max 15max  400-700 (typical)

ASTM A532-IlIE 2.6-3.2 20 1.0-2.0 0.5-1.5 1.0 max 1.5 max 400-700 (typical)

ASTM A532-IIA 2.3-3.0 25 15max 0.5-15 1.0max 1.5max. 400-700 (typical)

Brinell
%Si %Ni Hardness, HB(®)

Fig. 1.7. 3D carbide network in a high-Cr AR iron. Strong
similarity can be seen between the carbide network shown in
this figure and that shown in Fig. 1.5. This is as it should be,
since both irons go through the same type of eutectic reaction.
320X.

thedecisioniswrong or the processcontrol isinsufficient. For
example, composition, casting geometry, melting practices,
cooling conditions in the mold and heat treatment must be
properly balanced and extremely well controlled for each
application to produce crack-free marketabl e castings. These
issues are often more than enough to dissuade thefinancially
timid. Moreover, it is difficult to troubleshoot aloy and
casting problemsin theseirons dueto the paucity of informa-
tion available to the practicing foundryman. In many situa-
tions, if theinformation is not within reach on the desktop, it
isout of reach for most foundrymen. It ishoped that thisbook
will provide the desktop reference that will allow practicing
foundrymen to understand the mechanismsbehind theforma-
tion of austenite or martensite in their chosen iron and to
understand why these irons are so susceptible to cracking
while others are cast unscathed.

Introduction to AR Cast Irons

Specialty AR Cast Irons

If standards existed for these specialty irons, they would no
longer be special. Their high-aloy content (Table 1.5) and
their unusual foundry characteristics distinguish these irons.

Ferritic High-Cr Specialty Irons

Thefirst exampleistheferritic high-Cr family of irons, which
contain around 2% C and 30% Cr. These irons are often used
in applications where high corrosion (see Glossary) resis-
tance is mandatory and good abrasion resistance is required.
Their microstructure consists of a stainless steel-like matrix,
surrounded by hard M;C3 carbides. A key factor to their
success is an excessively high Cr content within the ferrous
matrix. Their high Cr content reduces corrosive attack from
oxidizing acids (e.g., HNOj3) but not particularly from reduc-
ing acids (e.g., HCI).

Vanadium-Based (A7) Specialty Irons

The down side to the VV-based irons (also known as A7) are
their poor processing characteristics. The reasons behind
these characteristics are straightforward if one understands
how and why irons harden (in Chapter 3) and how feeding
difficulties are tied to solidification characteristics (in Chap-
ter 2).

Other specialty ironsare based on vanadiumto create hard,
abrasion-resistant M,C eutectic carbides within their ferrous
matrices. This class of ironsis a subset of tool steels. If one
follows the nomenclature laid down by our forefathers’ met-
allurgists, any ferrousmaterial containinglessthan 2% C must
be an steel and not aniron. However, amore useful definition
isto denoteirons asferrous-based compositionsthat undergo
aeutecticreaction during solidification. Hence, perhapsanew
name for these materials might be “tool irons.”

The V-dloyed cast irons are extremely tough and ex-
tremely abrasion resistant (in certain applications). An ex-
ample of thistype of iron isshownin Fig. 1.8. The dominant



carbideisV-based and is often noted as MC in the literature.
High cost has restricted their usage to applications where
order-of-magnitude improvements in wear life can be real-
ized. One such application isin hot strip mill rolls.

Niobium-Based Specialty Irons

Some metallurgists have added niobium (Nb) to the iron to
create very hard niobium carbides (NbC) within the ferrous
matrix. This expensive addition produces irons that can be
extremely wear-resistant but have some unusual foundry
problems. For exampl e, the addition of Nb changesthefluid-
ity of the iron for the worse. That is, as the iron solidifies,
niobium carbides will form almost instantly within the melt.
These carbideswill thenimpedetheflow of metal throughthe
mold and may have unintended consequences, i.e., formation
defects in the casting where none existed before.

Theadditionof Nbcanalsorob of theiron of hardenability.
For example, thereis only so much C to go around, and if the
addition of Nbtipsthe scaletowardimpoverishing theferrous
matrix of C, then theiron will never obtain the hardness that
the customer demands. Aswith any new alloy venture, these
shortcomings can be handled with careful thought.
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Fig. 1.8. Optical micrograph of a polished and etched surface
of a castable tool steel alloy. The microstructure is composed
of both MC and M,Cs carbides, surrounded by a mixed matrix
microstructure of austenite and martensite. The blocky MC
carbides can be seen in the center of the austenite dendrites,
while the blade-like M;C3 carbides can be seen at the edges of
the dendrites. 1000X, etched with Murakami’s and 2% nital.

D2 and 440C Specialty Irons (Tool Steels)

Another interesting class of AR materialsisthat represented
by the alloysdesignated commercially asD2 and 440C. Their
compositionsaregivenin Table 1.5. Althoughthesematerials
are not actualy irons, they form eutectic M;C3 carbides
during solidification. Based on thiseutectic reaction, both D2
and 440C are classified as AR cast irons. They represent
important, castable, AR cast ironsthat any foundry capable of
pouring Ni-Hard and high-Cr could comfortably cast.

Themain characteristicsof theselow-C, abrasion-resistant
alloys are the microstructures of fibrous carbides that are
widely separated by ferrite. Figure 1.9 showsan example of a
heat-treated 440C with aferritic/austenitic matrix. Theiron’s
high aloy content has overstabilized the matrix, resulting in
amixed structure containing both austenite, ferrite and mar-
tensite phases. Since the carbides are quite far apart (when
compared to the high-Cr or Ni-Hard irons), the toughness of
thesealloysisoften superior to other AR cast irons. However,
wear resistanceto severe abrasion iscompromised. Nonethe-
less, if toughness is critical (D2 aloy) or if corrosion resis-
tanceandtoughnessarecritical (440C), then oneof theseirons
might be the answer.

Fig. 1.9. Optical micrograph of a polished and etched surface
of a heat-treated 1.1% C, 17% Cr (440C) AR cast ion. The blade-
like M;Cs eutectic carbides are surrounded by a thin layer of
martensite. The very small dots or dark tracings within the
ferrite/austenite dentrites are M,3C; secondary carbides that
formed during heat treatment. The light areas are large
austenite dendrites. 500X, etched with 2% nital.

Table 1.5
Chemical Composition and Hardness of Specialty AR Cast Irons
Alloying Brinell
Element %C %Cr %V  %Nb %Mo %Mn %Si %Ni  Hardness, HBW
Ferritic High-Cr 1.5-2.4  30-40 0.0 0.0 0. 0.0 0.0 0.0 300-450
V-Based A7 2.3 5.25 4.75 0.0 1.1 max 0.5 0.5 0.0 500-750
Nb-Based 29 16.7 0.0 2.0 0.8 0.8 0.0 0.7 440-630
D2 Tool Steel 1.4 12.0 0.2 0.0 0.8 0.0 0.0 0.0 600-700
440C Tool Steel 1.1 18.0 0.0 0.0 1.0-2.0 05-15 1.0max 1.5max 350-500
(1) Hardness varies depending on heat treatment.
(2) These irons might contain anywhere from 0 to 7% tungsten (W) to boost the formation of hard tungsten carbides
(WC).
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Chapter 2

Solidification of AR Cast Irons

Understanding the solidification behavior of iron cantell alot
about how well it will flow intothemold, itstendency toform
porosity, itstoughnessand itsabrasionresistance. Thebiggest
challenge in applying solidification theory to AR irons is
trying to grasp the big picture. There exists a wealth of
scientific information on solidification, and it is the goal of
this chapter to boil this mass of information and esoteric
theory down into usable technological information. To this
end, this chapter is dedicated only to the liquid-to-solid
transformationin AR cast irons. In other words, oncetheiron
is solidified, we are done talking about it. What happens
further on, asit coolsinthemold, iscoveredin Chapter 3, Heat
Treatment.

This chapter should provide the tools needed to gain
immediate insight into the microstructure of AR cast irons,
without having to resort to a lengthy or costly metallurgical
investigation. For exampl e, with basic chemistry information,
it is possible to calculate the carbide volume fraction (CVF)
andtheinitial matrix chemistry. With such information, wear
properties can be estimated, optimum heat treatments de-
signed and lean aloying strategies pursued. In short, under-
standing solidification on a practical level can be both inter-
esting and financially beneficial.

Binary Fe-C Systems
(Fe3C and M3;C AR Cast Irons)

Pearlite, chill-cast and Ni-Hards 1 and 2 fall into the FesC and
M3C eutectic carbide category.

Thereason regular gray ironwill “chill” to white cast iron
isduetothesolidificationrate. If theironiscooled quickly, it
racesto asubnormal solidification temperature and becomes
what is termed, undercooled. In this undercooled state, the
iron is predisposed or “anxious’ to form carbide instead of
graphite. Figure 2.1 shows the phase diagram representation
of this behavior. (See Glossary for Phase Diagram.) The
graphite eutectic reaction occurs at ahigher temperature than
doesthe carbide eutectic reaction. Thetrick isto cool theiron
fast enough, so that it races past the graphite eutectic and hits
the carbide eutectic. In redlity, it is a battle between forming
graphite or carbide.

Graphite nucleates easier than does carbide (think of this
stage as climbing a hill, the graphite hill is lower than the
carbide hill), but once started, the carbide phase grows much
faster than does the graphite phase (the down slope of the
carbide hill is steeper than that of the graphite hill). This

behavior can lead to castings that are carbide-rich on the
surface (white) and graphitic within the core of the casting
(gray). When hot metal hitsthe cold mold, the cooling rateis
extreme. As the iron fills the mold and the hot liquid is no
longer in contact with the cold mold, thecooling rate becomes
much slower. Thisslower cooling rate providesaready-made
opportunity for graphite to form.

Because it is a metallurgical process, this white-to-gray
transition can go astray. For example, in some castings, one
can find graphite on the surface and carbidesin the core. This
sort of behavior is termed inverse grayness or inverse chill.
Inverse chill occurs when conditions for graphite nucleation
areextremely favorable(e.g., high Si levelsinthemelt), while
the solidification rate is favorable toward carbide growth.
Initially, both graphite and carbide will nucleate near the
surface. Because the carbide reaction is more vigorous than
the graphitic reaction, theiron will contain amixed structure
of graphite and carbides near the surface and a core structure
dominated by carbides.

Controlling the carbide- versus graphite-forming reaction,
based strictly on solidificationrate, isdifficult but technol ogi-
cally possible. If carbides are desired, a more consistent met-
hodistoreducethesilicon content to thelowest feasiblelevel.
For example, asFig. 2.2ashows, asthe Si level isincreased,
the graphite eutectic temperature similarly increases. This
partially explains why gray irons are typicaly alloyed with
1.5-2.5% Si. Thehigher the Si, theeasier itistoform graphite
and not carbide. However, if we areinterested in producing a
carbide-containing low-alloy iron, then the Si content should
be aslow asisreasonably possible, say 0.5% Si.
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Fig. 2.1. Phase diagram example illustrating temperature
interval between graphite and carbide eutectic temperatures.



Carbon Equivalency

Since we are discussing the use of Si in irons, the subject of
carbon equivalency should be broached. Most foundry tech-
nol ogistsarefamiliar with the use of acarbon equivalent (CE)
(see Glossary) to determine whether a graphitic iron is hy-
poeutectic or hypereutectic. (See Glossary.) A common car-
bon equivalent formulais: CE = %C + 1/3% Si + 1/4% P.

In low-phosphorus irons (say <0.1%), this formula is
reduced to just: CE = %C + 1/3% Si.

Figure2.2ashowshow theaddition of Si shiftsthegraphite
eutectic composition to the left. Consequently, we can show
that Si isafairly good substitute for C in graphitic irons.

One may wonder if asimilar formula exists for irons that
solidify without the formation of graphite. Following the
same approach used for graphitic irons, Fig. 2.2b provides
some data on the effect of Si on the carbide eutectic compo-
sition. Using thisdata, the CE can be cal cul ated to be around:
CE = %C + 1/10% Si. Other work by Moore (1972) has
provided the following equation for low-alloy whiteironsas:
CE=%C + 1/9% Si + 1/3.5% P. In other words, the effect of
Si on theiron’s effective C content is much lower or practi-
cally inconsequential.
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Fig. 2.2. Equilibrium (a) and metastable (b) phase diagrams for
Fe-C irons containing 0, 1, 2, 3 and 4% silicon. As the Si level
is increased, the graphite eutectic temperature is increased
and the carbide eutectic temperature is decreased. This
relationship helps explain why the addition of Si favors the
formation of graphite over that of carbide. (After Heine, 1986)
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Effect of Low-Cr Additions

Another way to look at the issue of carbide versus graphite
formation isto focus on the influence of the various aloying
elements on the graphite and carbide eutectic temperatures.
Figure 2.3 provides a qualitative view of how alloying ele-
ments can promote the formation of graphite or carbide.
Ideally, when whiteiron is desired, one would want to move
the graphite eutectic temperature down and the carbide eutec-
ticup. Of al thealloying elements, chromium, vanadium and
titanium do the best job. Other elementshave more of amixed
effect. For example, aluminum pushes both the graphite and
carbide eutectic temperatures up. Hence, graphite formation
is favored because the cooling liquid will hit the graphite
eutectic first.

Inmany industries, aduplex (bimetallic) casting consisting
of ahard AR surface with a tougher gray iron core is often
desired. Several alloying approaches are available to control
thethicknessof the AR surfacelayer. Traditionally, sulfur (S)
has been used in conjunction with tellurium (Te) or bismuth
(Bi) to drive the aloy toward carbide formation. The trouble
with adding these elements is their troublesome history. In
brief, S can easily segregate and form sulfidesalong thegrain
boundaries, causing hot shortness; and both Te and Bi pose
health hazards in the foundry.

A more acceptable way to drive the alloy toward carbide
formation is the use of chromium. A good example of Cr's
effectivenessis illustrated by its ability to increase the chill
depth. Figure 2.4 provides data on the chilling tendency of
common alloying elements in irons containing between 3.0
and 3.3% C

Temperature

T+ LRRE|L

EUFECTIC

Carbon Equivalent

Fig. 2.3. Influence of alloying elements on graphite and
carbide eutectic temperatures. Notice how Cr, V and Ti move
the carbide eutectic up and the graphite eutectic down.
Consequently, the addition of Cr, V or Ti is the perfect way to
remove graphite and promote carbide formation. (After
Janowak and Gundlach, 1982)
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Manganese is quite interesting, since its effect is only
pronounced at levelsin excessof 1%, whileat lower levels, it
hasvery littleeffect. It followsthat, nothing really beatsCr for
chilling effectiveness at low cost.

Thereason Cr is such astrong carbide former isdueto its
ability to stabilize the carbide structure. Chemists would say
that the carbide energy of formation (see Glossary for Gibbs
Free Energy of Formation) increases with increasing Cr
content. Thermodynamically, theiron wantsto form carbides
over graphite, regardless of the cooling rate.

At low Cr levels (say below 2%) a lot of this is fairly
gualitative. One is always taking odds on what will happen
and when it will happen. For example, it is possible to form
graphite in some Ni-Hard compositions by increasing the Si
and/or C contents. Higher Si and C tend to hinder the chill-
inducing ability of the Cr, and a mottled microstructure of
graphiteflakes and carbides can result. With regard to duplex
(bimetallic) castings, the judicious control of Cr, Cand Si is
al that is typically necessary to specify the depth of the
abrasion-resistant surface layer.

Binary Phase Diagram

In order to use solidification as atool, a basic understanding
of phasediagramsisneeded. Althoughthey arealmost always
approached with some fear and loathing, phase diagrams are
extremely powerful and useful. A key point tokeepinmindis
that they are maps and, aswith any map, trying to understand
the whole map at once can be overwhelming.

Before attacking the more complex ternary diagrams, let’s
start with the most basic binary diagram of metallurgy: the
phasediagram of thebinary Fe-C system, asshowninFig. 2.5.
Figure 2.5 lays out the road map for all commercial pearlitic
and Ni-Hard 1 and 2 AR cast irons.

Ironsareoften defined as contai ning morethan 2% carbon.
A moreaccurateapproachisto classify ironsaseither hypoeu-
tectic, eutectic or hypereutectic, with an emphasison eutectic.
Thismeansthat anironisaferrousmaterial that solidifieswith

BO -
cr

Chill Depdh, mm
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2.0 40

Alloy Content, wi. pol.

Fig. 2.4. Effects of alloying elements on chill depth. Iron was
cast against a chill and obtained a chill depth of slightly more
than 30 mm in the unalloyed condition. (After Janowak and
Gundlach, 1982)

Solidification of AR Cast Irons

aeutectic reaction. Thisdefinitionismorerobust and freesus
fromthe compositional constraint that aniron must havemore
than 2% C. The rationale for this more robust definition will
become apparent when we start to deal with aloyed irons.

Many people may ask: What exactly does eutectic solidi-
fication mean? With alittle help from Fig. 2.6, the solidifica-
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Fig. 2.6. Solidification stages of an Fe3C or M3C AR iron.
Upper schematic shows three stages of eutectic solidification.
Lower left shows dendritic structure common to all hypo-
eutectic irons and steels. (Deep-etched SEM is courtesy of

E. Thomas, Atlas Foundry) Lower right shows hypoeutectic
structure.
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(Binary Systems, continued)

tionprocessinan FesCor M3C ARironthat contains3% C can
be described. As our solidification knowledge improves, we
will aso cover the combined effects of Cr, Si, Ni, Mn, Mo,
etc.; however, for the moment, let uskeep it ssimple and work
within the constraints of the binary Fe-C system.

Asshown in the top part of Fig. 2.6, the 3% C iron would
be classed as hypoeutectic sinceit is solidifying to the | eft of
the eutectic. Thefirst phaseto solidify is austenite and it has
a face-centered-cubic (FCC) crystalline structure. Austenite
isalso referred to asgammairon or by the Greek letter as*y’
or “yFe.” The morphology of the austenite phase istypically
described asdendritic or having the shape of a Christmastree.
Animage of acast steel dendriteisshown inthelower left of
Fig. 2.6 andisrepresentativeof austenitedendritesgrowingin
hypoeutectic irons.

As these dendrites grow, the various alloying elements
will tend to partition between the dendrite and the remaining
liquid. Inthebinary Fe-C alloy, the only partitioning element
is C. Thefirst dendrites to form have a C content of around
1.4% (Stage| at 1300C/2372F). Astheiron continuesto cool,
the phase diagram indicates that the austenite will absorb
more and more C atoms. Consequently, at Stage Il at 1220C
(2228F), the newly formed austenite dendrites will have a
C content of around 1.75%. The excess C is simply rejected
into the liquid. Hence, as the austenite dendrites continue
to grow, the remaining liquid becomes richer and richer in
carbon.

At the eutectic, the austenite will have a C content of
around 2% and the remaining liquid will have a C content of
around 4.4%. Thisremaining liquid then undergoesaeutectic
reaction, forming both austenite and carbide phases. These
crystallinephasesgrow inacoupled manner, i.e., theaustenite
and carbide grow at approximately the samerates. At the end
of solidification, themicrostructure consistsof primary auste-
nitedendritesand amixture of eutectic austeniteand carbides.
Astheiron coolsto room temperature, some of this austenite
will decompose to pearlite or transform to martensite. A
typical microstructure of a 3% C pearlitic AR cast iron is
shown in the lower right of Fig. 2.6.

If the solidification rate is high (i.e., nonequilibrium), the
austenite dendrites will have a nonuniform distribution of
carbon. This type of nonuniform distribution of aloying
elementsisreferred to as solidification coring. For example,
at the center of the dendrite, we would find a C content of
around 1.4%, while near the periphery of the dendrite, the C
content would approach 2%.

Inthereal world, castingsare centimetersin thickness, and
solidification rates are quite low. At these rates, interstitial C
atoms quickly diffusethrough the austenite crystallinelattice
and eliminate any coring effect. In alloyed irons, substitu-
tional elements of Cr, Mo, Ni, Mn, Si, and others are much
dower to diffuse within the austenite and some coring can
typically be found within the dendrite.
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Eutectic FesC/M3;C Growth Morphology

Eutectic reactions are the heart and soul of AR irons. For
example, all theironslisted inthe ASTM A532 specification
(see Appendix E, Table E7) undergo eutectic reactions. How
theseeutectic carbidesform, their sizeandtheir orientation all
affect the toughness and wear resistance of theiron. Eutectic
reactions are not complicated. For example, as the iron ap-
proaches the eutectic valley, we have tendrils of solid auste-
nitesurrounded by high-carbonliquid. Whenthishigh-carbon
liquid hits the eutectic, carbides and austenite cooperatively
spring forth.

How they spring forth as coherent mixtures of austenite
and carbide is quite complicated and the subject of ongoing
research. For the moment, let us focus on just the carbide
phase. In pearlitic and the Ni-Hard 1 and 2 AR grades, the
carbides have a stoichiometry (see Glossary) of three metal
atoms to one C atom. In pure Fe-C aloys (e.g., pearlitic AR
irons), the carbide can be denoted stoichiometrically as Fe;C.
Sincemany of theseironshave somefraction of Cr, Mnor Mo
(e.g.,Ni-Hards1and 2)—andall of thesealloying elementsdo
partially substitute for the iron atom within the carbide crys-
talline structure—it iscommon to denote the carbideasM3C.
The M3C carbides also go by the name of cementite. The
eutecticmixtureof austeniteand cementiteiscalledledeburite.

Figure 2.7 shows a couple of schematics of the eutectic
growth process in these AR irons. On a global scale, each
eutectic colony (see Glossary) represents a separate growth
event and is somewhat independent of its neighbors. Within
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Fig. 2.7. Solidification process in a low-alloy AR cast iron: (a)
macroscopic view of eutectic colony growth (After Rickard and
Hughes, 1961); (b) microscopic view of individual eutectic
colonies (After Hillert and Rao, 1968); and (c) deep etched SEM
micrograph showing edgewise and cooperative growth
carbide structures.
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each eutectic colony, another separate growth process is
occurring.

In pearlitic and Ni-Hard 1 and 2 irons forming eutectic
mixtures of austenite and Fe;C/M3C, each eutectic colony
hesitates between edgewise and cooperative growth (Fig.
2.7b). Edgewise growth occurs when the carbide phase is
leading. When examined, it lookslikearow of stacked plates.
Cooperative growth happens when both phases are leading,
and, inthiscase, it lookslike Swisscheese. Figure 2.7¢c shows
an exampl e of both edgewise and cooperative growth modes.

Theoretically, cooperative growth should dominate, but
experimental evidenceindicatesthat both edgewiseand coop-
erativegrowth modesoccur at about thesamerates. Sinceboth
modesare operative, we are presented with arather confusing
microstructure.

This subject of eutectic solidification does have practical
implications. From the previous text, it becomes clear that
the eutectic forms a continuous network in between the
austenitedendritesor grains; depending onthetypeof eutectic
growth, the carbide fraction within the eutectic will be more
or less continuous. If the carbides are continuous, then cracks
can easily develop within the carbide network, leading to
catastrophic fracture of the casting. In other words, the more
continuous the carbide network, the lower the toughness of
the iron. This microstructural feature also partially explains
why FesC and M3C AR irons are typically hypoeutectic in
order to have some degree of toughness. Much more will be
said about the importance of this carbide network in Chapter
5, Morphology, etc.

Fes;C/M3C Carbide Formation

AR irons have superior wear resistance for one dominant
reason: the presence of hard, wear-resistant carbides. As a
good first approximation, you can use the phase diagram
shownin Fig. 2.5to predict the amount of carbidesformed in
pearlitic and Ni-Hard 1 and 2 AR cast irons.

For the most part, the amount of carbides formed in these
ironsisadirect function of thecarbon. If weuseour 3% Ciron
as an example and assume that we are casting athick section
(dow cooling and, hence, limited C coring), then we can
assumethat theiron’ smicrostructurewill consist of austenite
having a C content of around 2% and Fe;C/M3C carbides
having aC content of around 6.7%. Thiswt.%issimply based
on the weight of three Fe atomsto one C atom and works out
t0 6.7 wt%. At this point, we can use alittle math to construct
aformulafor calculating the wt% of carbidesin a3% C low-
alloy AR iron:

EutectiCearbige¥0 =

O (Carbon;on % — Carbon a ystenite %0) O
Carbon cerpige Y0 — Carbon a ystenite %0

100

Eutecti Ccarbi de% = 13.0-2.0
06.7—2.00
EutectiCcanige?0 = 21 (2.1)

Solidification of AR Cast Irons

Thistechniqueis called the “lever rule,” and details on it
can be found in most metallurgical textbooks. The term
“lever” is logical, since you are taking a weighted balance
betweentheoriginal melt’sC content onthe onehand and that
of thetwo individual austenite and carbide phasesontheother
hand.

It should be mentioned that, sincethedensity of thecarbide
and iron phases are somewhat similar, the weight fractionis
anal ogous to the volume fraction of carbide.

AstheC content of themeltisincreased, thecarbideweight
fraction increases quickly. For example, at the eutectic C
content of 4.2%, theweight fraction of carbideisaround 45%.
Thisisalot of carbides and, as one may correctly guess, the
iron would be quite brittle but very resistant to straight
abrasive wear. Much morewill be said about the rel ationship
between microstructure and wear propertiesin later chapters.

Ternary Fe-Cr-C Systems
(M,C3; AR Cast Irons)

Ni-Hard 4 and high-Cr AR cast irons fall into the M;Cs
eutectic category. All of these irons solidify via a eutectic
reaction that forms austenite and M;Cs carbides. For the most
part, the ternary Fe-Cr-C phase diagram can describe their
solidification behavior.

Understanding the solidification of the ternary alloy sys-
tem (Fe-Cr-C) is not trivial. In the low-alloy irons, we can
safely work within the binary Fe-C phase diagram and make
very good predictions about solidification temperatures and
microstructures. As we add more and more Cr to theiron, it
becomes more and more complex. Nevertheless, thanks to
some very dedicated and smart scientists, we now have the
tools to understand how high-Cr AR irons solidify. The end
result of their work was the construction of the liquidus
surface as shown in Fig. 2.8.

Ternary Phase Diagram

The ternary phase diagram in Fig. 2.8 was constructed by
Thorpe and Chicco (1985) and is based on hundreds of
experimental measurements and, in part, on prior work pub-
lished on Fe-Cr-C phase diagrams, such asthewell-acknowl-
edged work by Jackson (1970). The full name of this phase
diagram is: Fe-Cr-C metastable liquidus surface. It governs
the solidification behavior of 95% of today’scommercial AR
irons.

Figure2.8isa2D representation of a3D surface. Think of
the liquidus lines as contours on a topological map. With a
little work, these 2D lines can be transformed into a 3D
surface, as shown in Fig. 2.9. The boundaries between major
phases are shown as very thick lines superimposed on the
liquidussurface. One of themajor differencesbetween binary
and ternary diagramsisthat 2D lines constitute the boundary
between liquid and solid in binary diagrams (Fe-C); whereas,
intheternary diagram (Fe-Cr-C), a3D liquidussurfaceforms
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Fig. 2.8. 2D view of the Fe-Cr-C metastable liquidus surface.
The contour lines represent constant liquidus temperatures
(i.e., the temperature at which the first liquid starts to solidify).
For example, a 2.5% C, 0% Cr iron will have the same liquidus
temperature as that of a 2% C, 2.5% Cr iron. (After Thorpe and
Chicco, 1985)
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Fig. 2.9. 3D view of Fig. 2.8's Fe-Cr-C metastable liquidus
surface. As the eutectic valley is approached, the slope of
liquidus surface become steeper and steeper.
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(Ternary Systems, continued)

the boundary between liquid and solid. Another way to think
of this difference is that, in the binary Fe-C system, the
liquidus temperature is determined by the alloy’s C content,
whileintheternary Fe-Cr-C system, theliquidustemperature
isdetermined by both the C and Cr content. Thisconcept of 3D
solidification surfacesversus 2D solidification linesis one of
thehardest conceptsto grasp in understanding how the Fe-Cr-
C system functions.

To thoroughly introduce the Fe-Cr-C system, we should
notethat, at 0.0% Cr, Fig. 2.8 presentsjust asection of the Fe-
C phasediagram, withtemperature plotted ascontoursinstead
of alonganaxis. Similarly, at 0% C, Fig. 2.8 presentsasection
of the Fe-Cr diagram. The rest of the diagram had to be
determined by experimental tests on hundreds of Fe-Cr-C
aloys, to determine when they started to freeze and what
phases formed on freezing. This data was then used to con-
struct the phase boundaries and its corresponding liquidus
surface shown in Fig. 2.8.

Therearefour distinct liquidus surfacesshowninFig. 2.8.
Thesesurfacescorrespond to the phasesthat formonfreezing:
y (austenite), & (ferrite), M3C and M,Cs. We already are
familiar with the austenite and M 3C phases |eaving only two
new phases, o (ferrite) and M,C; (high-Cr carbide) to be
discussed.

The surface marked as 6 denotes a compositional phase
regioninwhichalloys, fallingonit, will freezeasastable, Cr-
rich ferrite, given as delta ferrite or oFe (see Glossary).
Subsequent to thisinitial ferriteformation, avariety of differ-
ent solidification reactions can occur. For example, ferritic
ARironsarecast using compositionsof around 2% C and 30%
Cr. Looking at Fig. 2.8 and locating the intersection of the
vertical lineat 2% C and thehorizontal lineat 30% Cr, thefirst
phasetoformisd. It should be mentioned that thistypeof iron
iswell known for its excellent corrosion and abrasion resis-
tance and will be covered in greater detail in Chapter 9,
Corrosive/Abrasive Wear Performance.

If the iron composition falls onto the y liquidus surface,
austenite dendriteswill form and theiron will be classified as
hypoeutectic. As the iron cools and continues to solidify,
forming more and more proeutectic austenite (see Glossary),
the composition of the remaining liquid fals toward the
eutectic valley shown in Fig. 2.9. Once the eutectic valley is
reached, the remaining liquid solidifies as a eutectic mixture
of austenite and M;Cs.

Eutectic Reactions and Carbide Formation

The M;C; carbide is quite different from the Fe;C/M3C
carbide found in the pearlitic and Ni-Hard 1 and 2 AR irons.
For starters, the M+Cgs carbide (seven metal atoms and three
carbon atoms) requires, for itsformation, aminimum of 25%
Crwithinthebase-ironmelt and, onceformed, hasatypical Cr
content of between 45 and 60%. The crystalline structures of
the two carbides also differ. The M;C; carbide has ahexago-
nal crystallinestructure, whilethe M3C carbideisorthogonal.

Abrasion-Resistant Cast Iron Handbook



Due, in part, to its different crystalline structure, the M;Cs
carbide is much harder than the M 3C carbide; approximately
1400 HV versus approximately 900 HV.

Finally, the morphology of the M;Cs carbide is different
from that of the M3C carbide. The M;C; carbide is often
described asrod or blade-like, whilethe M3C carbideformsa
more continuous plate-like structure.

Despite al the differences between the two carbides, they
till form viaidentical paths; either as eutectic or hypereutec-
tic carbides. Their morphology and metallurgical properties
arediscussed at lengthin Chapter 5, Morphol ogy, Microstruc-
tures and Properties.

If theiron’s composition falls onto the M7C3 field shown
inFigs. 2.8 and 2.9, it is classified as hypereutectic, and the
first phase to form is the M;C; carbide. Similarly, if the
composition falls within the M3C field shown in Figs. 2.8 or
2.9, thehypereutecticironwill contain primary M3C carbides.
In both cases, the iron till ends up solidifying aong the
eutectic valley shown in these figures.

In the binary diagram (Fig. 2.8), Fe-C, the eutectic reac-
tion happens at a fixed temperature, and the amount of
eutectic formedisfixed by the C content. Intheternary Fe-Cr-
C system (Fig. 2.9), thisno longer holdstrue. Indeed, asFig.
2.8 shows, the eutectic reaction isgoverned by both the C and
Cr contents of the iron, and it does not happen at a fixed
temperature. Figure 2.9 showsasloping valley, with eutectic
reactions occurring at higher and higher temperatures as the
Cr content is increased. This has important foundry conse-
guences. For example, the nearly eutectic composition of Ni-
Hard 1 poured at 1315C (2400F) has (based on Fig. 2.8) a
eutectic temperature of 1150C (2100F), and the pouring
superheat is 165C (300F).

Switchingtoanearly eutectic3.2%C, 25%Criron, Fig. 2.8
indicatesthat thisiron will haveitseutecticreactionat 1275C
(2325F). If thisiron is poured at the same temperature as the
Ni-Hard, the superheat is only 50C (90F).

The majority of AR cast irons solidify onto the austenite
liquidus surface. To clarify this point, Fig. 2.10 shows the
irons that comprise the ASTM A532 specifications (see Ap-
pendix E, Standards, Table E7, for this and other iron speci-
fications) superimposed onto the metastabl e liquidus surface.
It is clear from Fig. 2.10 that all of the A532 irons are
hypoeutectic. Thus, thefirst phaseto solidify will beaustenite
followed by aeutectic reaction. The only major solidification
differencebetweenthealloy groupsshowninFig. 2.10, isthat
the low-alloy AR irons (shown as 1A, B and C at the bottom
of Fig. 2.10) form eutectic mixtures of austenite and M3C
carbides, whileall the other irons (1D, I1IA, B, C, D and E and
[11A) form eutectic mixtures of austenite and M,Cs carbides.

Thereader may wonder why thelower Crirons(designated
as|D) formM+Cz carbidesand not MsC carbides. Inthebinary
Fe-C system, we were dealing with a fixed 2D system. As
solidification progressesin the Fe-C system, the composition
of theremaining liquidispushed horizontally toward increas-

Solidification of AR Cast Irons

ing C content, until reaching a fixed eutectic point. At the
eutectic, the reaction L O y + M3C then proceeds. This
reaction is fixed at a single composition (4.42% C) and a
single temperature (1147C/2097F).

In the ternary Fe-Cr-C system, hypoeutectic irons reject
both C and Cr during solidification. Astheaustenite dendrites
grow during the solidification process, the remaining liquid
becomes enriched in C and Cr, and itsrepresentative point is
pushed diagonally toward the eutectic valley. Oncetheliquid
reaches the eutectic valley, it will solidify over a range of
temperatures. In ternary systems, the eutectic reaction does
not occur at a fixed temperature, nor do the two solidifying
phases (y + M;C3) have afixed composition. That is, as the
liquid reaches the eutectic, it startsto form eutectic colonies.
As the aloy continues to solidify, the remaining eutectic
liquid moves down the eutectic valley, decreasing in tem-
perature.

The reason that the solidifying austenite dendrites reject
both C and Cr has to do with complex interrelationships
between the substitutional Cr atoms and the interstitial C
atoms within the FCC crystalline structure of the austenite
dendrite. Simply put, asthe Cr content goes up, the C content
of the austenite dendrites goes down.
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(Ternary Systems, continued)

Figure2.11 showsvertical sectionsthroughtheternary Fe-
Cr-C phasediagram at constant Cr contentsincreasing from 0
t020%Cr. (At 0% Crwearelooking at theaustenitefieldfrom
the binary Fe-C phase diagram in Fig. 2.9.) For clarity, this
representation has been limited to the austenite field of the
solidus surface. The size of thisfield shrinkswith increasing
Cr and disappears at 20%. Consequently, Cr is considered to
promote the formation of ferrite, since the austenite field
shrinks while the ferrite field expands.

Asthealloy’ s Cr content increases, the solidusline moves
to the left and the C content, above which a eutectic reaction
takes place, decreases more and more, while the temperature
of the eutectic reaction increases continuously. The solidus
linemovingtotheleft signifiesthat, whenthe Cr content of the
alloy increases, the C content of the austenite dendrite de-
creases over the full range of proeutectic solidification.

The dlight initial decrease of the eutectic temperature
shown in Fig. 2.11 reflects the use of the graphite eutectic
(equilibrium) temperature at 0% Cr, which is higher than the
carbide eutectic (metastable) temperature at 0% Cr. Other-
wise, ignoring the 0% Cr eutectic temperature, the eutectic
temperaturerisesasthe Cr content isincreased. Hence, asone
moves up the eutectic valley, the eutectic austenite will have
more and more Cr and less and | ess carbon.

For hypereutecticirons, carbidesarethefirst phasetoform
uponsolidification. Asthese Cr- and C-rich carbidesform, the
remainingliquidisrapidly depleted of Cand Cr. For example,
as M3C and M+Cg carbides form, they require approximately
6.8 and 8.9% C, respectively. With respect to Cr, the M3C
carbide has amaximum Cr solubility of about 15% Cr, while
the M;C3 carbideistheoretically unlimited; however, in most
high-Cr irons, the M;C3 carbide will contain no more than
about 60% Cr.

Considering the very high carbon and chromium contents
of thecarbides(called primary carbidessincethey areformed
prior to eutectic solidification), it is entirely understandable
that the remaining liquid is quickly depleted of C and Cr
during their formation. Consequently, as ahypereutecticiron
solidifies, theremaining liquid is pushed toward lower C and
Cr contents (left and down on the liquidus surface shown in
Fig. 2.8) as it crosses the decreasing temperature contours
toward the eutectic valley. (See Glossary for Primary Car-
bides.)

Itispossibleto show this C and Cr segregation behavior in
both hypoeutectic and hypereutectic irons by taking careful
and precise temperature measurements as the iron solidifies.
By superimposing theiron’ sinitial chemistry and its solidifi-
cation temperatures onto Fig. 2.8, adirect view of thisC and
Cr segregation behavior isgiveninFig 2.12. AsshowninFig.
2.12, the proeutectic austenitic and ferritic phases of hypoeu-
tecticirons, all reject C and Cr into theliquid (the sequence of
arrowsmovestotheright and up) asthey approachtheeutectic
valley. Onthe contrary, if theiron ishypereutectic, theliquid
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is depleted of C and Cr as it approaches the bottom of the
eutectic valley.

Oncetheiron hitstheeutecticline, whether itishypoeutec-
tic or hypereutectic, it undergoes eutectic solidification over
arange of temperatures. As mentioned before, thisis one of
themajor differencesbetween thebinary Fe-C andternary Fe-
Cr-Csystems. Intheternary Fe-Cr-C system, astheliquid hits
the eutectic line and starts to freeze, the composition is not
fixed as it cools, and changes as it rolls down the eutectic

1500 —

lemperaiure |

Fig. 2.11. Effect of Cr in shrinking austenite field. At 0.0% Cr,
we have the same austenite field as shown in Fig. 2.2. (After
Tabrett et al., 1996)
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metastable Fe-Cr-C liquidus surface. (After Thorpe and Chicco,
1985)
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valley. In reporting eutectic solidification temperatures for
AR irons, the purists will report both the start and finish of
eutectic solidification; however, just the eutectic start tem-
perature will often suffice.

Another way to view the solidification behavior shownin
Fig. 2.12, is to construct a vertical 2D dlice through the
metastable Fe-Cr-Cliquidussurfaceat afixed Cr content. The
dlice shown in Fig. 2.13ais taken at 15% Cr, as we attempt
to capture the solidification behavior of a 3% C, 15% Cr
iron. Since we are not plotting the variation in Cr content
during solidification, the compositional information is ap-
proximate.

Figure 2.13ais quite abit different from asimilar vertical
section at 0% Cr givenin Fig. 2.5 representing the binary Fe-
C system. The biggest difference is the existence of athree
phase region of liquid (L), austenite (y) and carbides. None-
theless, the iron till solidifies following a predictable se-
guence; that i's, growing proeutectic austenite dendritescreate
aslushy mixtureof dendritesandliquid, followed by aeutectic
reaction of austenite and carbides. This eutectic mixture then
has a eutectic start temperature, marked as T and a eutectic
finish temperature, marked as Ts. At theend of solidification,
one obtainsamicrostructure composed of austeniteand M7Cs
carbides. An example of a 3% C, 15% Cr microstructure is
givenin Fig. 2.13b.

Figure 2.13a also shows that the eutectic austenite end
composition is a 1.2% C. Based on this vertical section, an
alloy containing 1.2% C and 15% Cr will form M-Cg carbides
through aeutectic reaction. Sincethealloy issolidifying with
a eutectic reaction, the alloy is correctly classified as a
hypoeutectic iron. This happens because the Cr decreasesthe
size of the austenite field, as described earlier. By using the
dataprovidedinFig. 2.11, wecan construct alinedefining the
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C and Cr limitsfor the eutectic austenite solidusfield. Figure
2.14 showsthisline superimposed upon the Fe-Cr-C liquidus
surface. Alloy compositionsthat fall totheright of thislineare
classifiedasirons, sincethey undergoaeutectic solidification.
For example, 440C (known commercially as a corrosion-
resistant steel) containing 1.1% C and 17% Cr, isactually an
iron becauseit solidifieswith aeutectic reaction. (Thisisalso
true of D2 tool steel.)

Quantitative prediction of phase composition and phase
volumefractionismuch moredifficultinternary systemsthan
inbinary systems. Whereasinthebinary system, thelever rule
is used at the point of eutectic solidification, this point no
longer existsintheternary Fe-Cr-C system. For example, Fig.
2.14 presents the solidification temperatures for the 3% C,
15% Cr iron superimposed upon the liquidus surface. Once
the eutectic valley isreached, the eutectic solidification tem-
perature varies from T, = 1257C (2300F) to Tg = 1235C
(2253F). Althoughitispossibleto make predictionsabout the
various volume fractions of L, y and M;C3 while theiron is
solidifying, it requires the construction of atie triangle, with
each corner of the triangle anchored by one of these phases.
Since this procedure is rather complex, the reader isreferred
to other sourcesfor more completeinformation (West, 1965).

At the end of eutectic solidification, only two phases exist
for the irons that fall within the austenite liquidus surface:
austenite and carbide. If thetemperature at the end of eutectic
solidification is known, atie line can be constructed through
the final eutectic solidification temperature and the iron’s
initial composition. Theendsof thistielinewill thenintersect
the phase boundaries of the eutectic austenite (constructed
using the data presented in Fig. 2.11) and eutectic M;C3
carbide. Such aconstructionisshownin Fig. 2.15. Asshown,
thefinal composition of the eutectic austeniteisaround 8.5%
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Fig. 2.13. As an approximation, a 2D vertical slice (a) can be taken through the 3D Fe-Cr-C phase diagram in Fig. 2.9. Although this
type of section does not provide true compositional information, it does provide us with the solidification temperatures. As the alloy
crosses the metastable surface, it starts to freeze (T.). As it continues to solidify, C and Cr are rejected into the liquid, and the iron
becomes a mixture of austenite dendrites and C- and Cr-enriched liquid. The start of the eutectic solidification (Tg) occurs around
1260C, and finishes (Ts) at 1230C. The microstructure of the fully solidified, hypoeutectic iron is shown in Fig. 2.13b.

Solidification of AR Cast Irons
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(Ternary Systems, continued)

Crand 1.2%C. Thisagreesextremely well withmicroanalysis
resultstaken at the center of proeutectic austenite dendritesin
anas-cast 3% C, 15% Cr ironthat yiel ded numbersof 9.5% Cr
and 1.1% C. Thisisreasonable.

Correlating microanalysisresultsto phasediagram predic-
tionsisdifficult, dueto this C and Cr coring during solidifica-
tion. For example, the same microanalysis procedure mea-
sured a Cr content of 45% in the M;Cjz carbide. Because the
microanalysistechnique isfocusing on aspot at the center of
the carbide, it is measuring the Cr content of the carbide
formed at the very beginning of eutectic solidification and,
therefore, at the highest Cr content.

There are two main problems with trying to arrive at
composition and volume fraction information using the ter-
nary Fe-Cr-C diagram. First, the tie line constructed in Fig.
2.15is very sensitive to small changes in the eutectic finish
temperature. For example, if the eutectic finishtemperatureis
higher, the Cr content of theausteniteispredictedto behigher.
Second, few foundries have equipment to accurately measure
solidificationtemperaturesintheirirons. Thislimitational one
hindersthe use of phase diagram tielinesto predict composi-
tional information.
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Carbson, wi st

Fig. 2.14. Solidification path (thick dashed line) for a 3% C,
15% Cr iron. The boundary line between steels and irons is
also shown on the left hand side of the figure.
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At this stage, you may be wondering why we are going to
such lengths describing tie lines and other solidification
esoteric issues. The purpose of this discussion is to gain a
strong understanding of what one is actually making when
pouring an AR cast iron. With thisfundamental knowledge, it
will be easier to understand the mechanical properties of the
as-cast iron and, moreimportantly, how theiron behavesasit
coolsand asit is heat treated. Thisinformation will be used
throughout future chapters

Although we jumped straight to eutectic solidification for
the 3% C, 15% Cr iron, it isworthwhile to back up and work
through the solidification processin theternary system, from
starttofinish. Aswiththebinary Fe-C system, itispossibleto
usetheternary Fe-Cr-C phasediagramto gain someideaof the
segregation or coring behavior in proeutectic austenite (aus-
tenite that has formed prior to eutectic solidification).

Figure 2.16 usesa 3D combination of the austenite solidus
surface (constructed from the austenite solidus linesin Fig.
2.11) andtheliquidussurfacefor the Fe-Cr-C systemgivenin
Fig. 2.9. As the iron crosses the liquidus surface at 1300C
(2372F), very small crystals of austenite nucleate and grow.
Astheseaustenitecrystalsgrow, they reject both Cand Crinto
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Fig. 2.15. Eutectic tie line allows a qualitative prediction of the
composition and volume fraction of the austenite and carbide
phases in the 3% C, 15% Cr iron. However, for this tie line to
be constructed, the composition and ending eutectic solidi-
fication temperature must be known in advance.
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theliquid. Subsequent austenitegrowthtakesplacewithinthis
enriched liquid bath and, consequently, the newly formed
austeniteis slightly richer in both C and Cr. This behavior is
difficult to visualize, since we are more comfortable using
straight lines between the different phase boundaries. One
way to think about this behavior isthat, asthe liquid compo-
sitionsidesdown theliquidus surfaceincreasingin C and Cr,
the composition of the growing austenite dendrites similarly
dlides down the austenite solidus surface and, likewise, in-
creasesin C and Cr. At thevery end of proeutectic solidifica
tion, theliquid hitsthe eutectic line and starts eutectic solidi-
fication. Theeutectic austenite solidusline (the bottom line of
the austenite solidus field shown in Fig. 2.16ais not reached
until the very end of eutectic solidification. This reaction is
shownin 3D by thetielinein Fig. 2.16b and shown in 2D in
Fig. 2.15.

This explanation is meant to be qualitative. Quantitative
phase composition from the ternary Fe-Cr-C diagram isvery
difficult, and requireshard-to-obtain high-quality experimen-
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tal data. Nevertheless, the important theme to this discussion
isthat the solidification of AR cast irons follows predictable
patterns. Although we may not be ableto determine the exact
pattern or, in other words, the exact phase compositionsof the
austenite, ferrite or carbide phases during solidification, we
can make extremely good estimates of the relative C and Cr
contents of these phases. This compositional information
allowsamuch more effective approach to the devel opment of
new alloys and subsequent heat-treatment strategies.

The C and Cr coring described in the solidification of
proeutecti causteniteisavery real phenomenoninhigh-Cr AR
irons. Although much of the C coring disappearsasthecasting
slowly cools to room temperature, Cr coring will still exist
withinthe austenitedendriteinall but thethickest of castings.
This Cr inhomogeneity gradient yields a certain unpre-
dictability to the mechanical properties and heat-treatment
characteristicsof thin-sectioned castings. Thissubject will be
covered in more detail in Chapter 3, Heat Treatment of AR
Cast Irons.

(=)
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Fig. 2.16. Qualitative approach to understanding the solidification of a 3% C, 15% Cr AR
cast iron. As the iron crosses the liquidus surface (a), the melt separates into a C- and
Cr-enriched liquid and an austenite component at significantly lower C and Cr. As the
iron continues to solidify (b), the eutectic valley is reached, and eutectic solidification
commences. Only at the very end of eutectic solidification is the austenite eutectic

solidus line reached.

Solidification of AR Cast Irons
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(Ternary Systems, continued) illustratedinFig. 2.17. It meansthat, in practice, for any given
Cr content, arange of C contentswill leadtoa“fully” eutectic
microstructure. It thus becomes easier and easier to hit a
eutectic composition with increasing Cr content, to obtain a
eutectic structure, despite variations in C content. More im-
portantly, al will havethe samemicrostructureand, likewise,
similar mechanical and AR properties.

Before ending the discussion of the Fe-Cr-C ternary dia-
gram, we should mention the work done by Arnold and Sare
(1987) using commercial AR irons from a number of found-
ries. They found that the eutectic line representing the bottom
of the eutectic valley is, in fact, not aline but a surface, the
width of which increases with increasing Cr content, as
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Fig. 2.17. 2D vertical slices at constant Cr content through the 3D metastable liquidus surface. Ni-Hard 4 (b) is
the only AR iron that has its solidification dynamics affected by its Si content. As the Cr content is increased
(c) through (e), the width of the eutectic “zone” is increased. (After Arnold and Sare, 1987)
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M;C3 Eutectic Growth Morphology

Asmight be expected, the high-Cr eutectic reaction (L O y+
M~+Cs) has its own unique morphology; eutectic colonies
show up as cylinders in the schematic representation (Fig.
2.184). A eutectic colony of M;C3 carbide and austenite has
onedominant growthdirection. Hence, during eutectic-colony
growth, we get nicely defined cylinders instead of the more
random structure shown by theledeburitic eutectic reaction (y
+ M3C). For moreinformation on this subject, refer to Refer-
ences/Bibliography at the end of this chapter.

It gets confusing, however, when we view a 2D plane
section through the M-Cs eutectic mixture. Figure 2.18b
shows an interesting, deep-etched SEM picture of acarefully
polished block. Clustersof M+C3 eutectic coloniescan beseen
running up against other clusters. Thisphotomicrograph beau-
tifully illustrates the random orientation of the eutectic colo-
nies.

In most cases, some effort is taken to arrange the viewing
anglesuch that theviewer only seesone M,C; eutectic colony
at atime. Thistypeof photomicrographisshowninFig. 2.18c.
Inthispicture, theeutectic hasgrown cooperativelyinasingle
direction, and our section planeisapproximately perpendicu-
lar to the colony’ s primary growth direction.

M-C3 Carbide Formation

Although we could use the tie line constructed in Fig. 15 and
estimate the carbide volume fraction (CVF), it is simpler to
use formulae developed by Maratray and Usseglio-Nanot
(1971) for calculating CVF:

CVF% = 12.33 x %C + 0.55 x %Cr
—15.2 accuracy = +2.1% CVF (2.2

It was experimentally determined and results were pro-
vided that are reasonably close to the predictions made by
using the phase diagram. For example, for the 3% C, 15% Cr
iron covered in earlier sections, the CVF estimate using
Maratray’s formula, and by using the tie line shown in Fig.
2.15,is.

CVF% =1233x3+0.55x 15
—-152CVF% =30
TieLine CVF% = 26 (2.3)

Maratray’ s formula seemsto giveresultsabit on the high
side, as compared to the phase diagram method. Generally, a
2-3% deviation will be found, dueto thefact that Maratray’s
formula includes both eutectic and secondary carbides (sec-
ondary carbides are those formed by way of solid-state pre-
cipitation from the austenite during heat treatment or cooling
to room temperature). The role of secondary carbides, where
they comefrom and what they do, will be coveredin Chapters
3 and 4, Heat Treatment and Alloying for Hardenability.

Solidification of AR Cast Irons

(2.18¢)

Fig. 2.18. Solidification characteristics of high-Cr AR cast
irons. At first, (a) eutectic colonies grow as tapered cylinders;
(b) their random growth orientation is more clearly shown by
this deep etched SEM micrograph. (After Tabrett, 1996).
Nonetheless, (c) each individual eutectic colony has a specific
growth direction and individual carbides can often be de-
scribed as rods or laths.
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Determining
Solidification Temperatures

Thereisasimpleway to determinesolidificationtemperatures
and predict theamount of superheat needed (see Appendix G).

Figure 2.14 showshow proeutectic austenite solidification
and eutectic start and finish temperatures can be determined.
A comparison to the applied pouring temperature yields the
superheat. In the case of the Ni-Hards (1, 2 and 4), these
temperatures are somewhat lower, due to the influence of
nickel.

aquestionof plottingitscomposition onthe metastabl e Fe-Cr-
C liquidus surface. Finding the exact eutectic start tempera-
ture, based on the phase diagram, is quite difficult. A simple
and reasonably accurate approach consists of connecting the
alloy’ smelt chemistry to the phasediagram’ sorigin, and then
extending this line to the eutectic line.

An example of this technique is shown in Fig. 2.19. For
comparison, Tong's equations predict:

TLiquidus = 1554.5 - 89.2 X C% - 0.77 X Cr%
TLiquidus = 1554.5 - 89.2 X 2.5% - 0.77 X 20%

With these estimates, one can make a pretty good predic- Tliquidus = 1316 (2.4)
tion asto the actual superheat to usefor that iron. Doing sois
really quite useful in case there is a plan to change casting Teutetic = 1201.7 ~20.3 x C% + 5.97 x Cr%
designsor switch between different ironsfor the samecasting. Teutecic = 1270 (2.5)

Predicting the superheat acts asaguide to knowing theiron’s
relative fluidity in aparticular mold, or knowing whether too
much or too little superheat is being applied to the current
casting process.

Authors have presented equations for calculating the eu-
tectictemperatures(Tonget al ., 1989); however, theseformu-
las are only appropriate for hypoeutectic irons having Cr
content between 10 and 20% (e.g., high-Cr irons). Consider-
ing these drawbacks, there is nothing like using the real
solidification data given by the metastable Fe-Cr-C liquidus
surface (see Fig. 2.8 or Fig. 2.9).

For example, estimating the solidification start or liquidus
temperature, based on theiron’s C and Cr content, is merely

Although the start of austenite solidification differs by
about 15°C (27°F), the prediction for the start of eutectic
solidification is correct. As one can see, the approximate
accuracy of our predictionsis probably around 15C (27F) for
thestart of austenitesolidificationand perhapsaround 5C (9F)
for the start of eutectic solidification.

Togivethissectionmoredtility, Table2.1 presentsthestart
of solidification (liquidus) temperaturesand the start of eutec-
tic solidification (solidus) temperatures for a broad range of
AR cast irons. As adways, when in doubt, the Fe-Cr-C phase
diagram should be consulted and asimplelineextending from
the origin through the alloy’ s composition should be used to
find the solidification temperatures.
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Table 2.1
Solidification Temperatures for ASTM A352 Designated AR Cast Irons
Austenite
Start® Solidus Freezing

Material %Cr %C (Liquidus) Temp® Range
Class Type Designation(® °C °C °C
| A Ni-Cr-HC 2 3.0+1%Si 1275 1150 125
| A Ni-Cr-HC 2 36+1%Si 1225 1150 75
| B  Ni-Cr-LC 2 25+1%Si 1325 1150 175
| C Ni-Cr-GB Similar to the above irons (carbon is the dominant player).
| D Ni-HiCr 8 25+15%Si 1325 1200 125
| D Ni-HiCr 8 3.6+15%Si 1225 1200 25
1 A 12%Cr 12 2.6 1340 1245 95
1 B  15% Cr-Mo-LC 15 2.6 1330 1255 85
1 C 15% Cr-Mo-HC 15 3.0 1300 1250 50
1l C Cr-Mo-HC 15 3.6 1250 1240 10
1 D 20% Cr-Mo-LC 20 2.3 1350 1275 75
1 E 20% Cr-Mo-HC 20 3.0 1290 1260 30
1l A 25% Cr 25 2.3 1340 1285 55
1] A 25%Cr 25 3.0 1290 1270 20
(1) Solidification temperatures are accurate to +10°C.
(2) Designation: HC = High C; LC = Low C; GB = Great Britain.
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Effect of Fluidity on Solidification

Asaniron solidifies, its viscosity changes dramatically from
start tofinishinacontinuousfashion. Atthesolidusitisavery
pliable solid having no elastic memory (only until the iron
coolsdownto around 600C (1100F) do strainsstart locking in
and do residual stresses form upon cooling to room tempera-
ture). How well an iron will flow (or its fluidity) is often
confounded with the applied superheat. Indeed, a higher
superheat will increase the fluidity of the metal. (See Appen-
dix H.)

Becausetheproperty “fluidity” isof great interest for many
foundry applications, its relationship to solidification will be
coveredinsomedetail. For example, itiswell knownthat AR
cast ironshave superior fluidity when compared to cast steels,
but exactly why is not well covered in the literature.

There is no clear definition of metallurgical fluidity. For
our purposes, we can think of fluidity ashow far aliquid metal
will flow inaconstricted channel. A highfluidity thenimplies
that the liquid metal will flow exceedingly well through a
constricted channel. One tool used in assessing this length
measurement is the fluidity spiral. An example of a spiral
moldisshowninFig. 2.20. Tofacilitatethe fluidity measure-
ment, scribe marks are cut into the spiral’ s pattern at regular
intervals. After casting, the marksare counted and thefluidity
length is computed.
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Fig. 2.19. Predicting solidification temperatures using the Fe-
Cr-C liquidus surface.

Solidification of AR Cast Irons

Many factors affect the fluidity of aliquid metal. A short
list includes the following:

» Alloy composition

» Superheat

* Mét cleanliness

» Sand-molding process

A brief discussion will cover thefirst three factors and, at
thistime, we can only specul ate asto the effect of themolding
processes.

Alloy Composition

Solidification studies on fluidity have classed meta alloys
into two broad groups; alloys that freeze over avery narrow
(short) temperature range (pure metals and eutectics) and
alloysthat have broader (long) freezing ranges (hypoeutectic
and hypereutectic). Figure 2.21 shows schematically how
short- and long-freezing range alloys are believed to solidify
inthefluidity spiral (or for that matter in any thin section of a
casting).

If thealloy freezeswithinavery narrow temperaturerange,
then the metal will tend to flow until it is choked off at some
point, upstream of the advancing solidification front. Thisis
abit difficult to visualize and actually never happens as neat
and clean asshownin Fig. 2.21a. Asthe metal flowsthrough
thespiral, it startsto solidify a ong the mold walls. However,
sincethealloy hasavery short freezing range, thislayer iskept
very thin by the passage of hotter liquid asthefront progresses
through the spiral. Eventualy, the metal cools enough for a
localized buildup to occur behind theadvancing solidification
front (which, at this stage, is not advancing very fast). The
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Fig. 2.20. Fluidity spiral for cast alloys. (After Campbell, 1991)
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Fig. 2.21. Idealized solidification patterns for (a) short-freezing
range metals (relatively pure metals and eutectics) and (b)
long-freezing range metals. In short-freezing range metals, the
liquid metal flows unimpeded by early growing dendrites until
the “exact” freezing point is hit. In contrast, long-freezing
range metals start solidification early by forming many
dendrites. These dendrites then break off the walls and tumble
along the solidification front. Eventually, the metal will become
sluggish and the front will stop advancing while much of the
iron is still liquid.

buildup is aways a distance away from the advancing front,
because new, hotter metal is continuously being supplied out
to thefront. However, thisnew, hot metal must first travel all
the way from the pouring basin, through the spiral and then,
finally, to the advancing front. Astheflow of metal ischoked
off, a“shrink pipe”’ will start to form between the choke point
and the now-slowly freezing solidification front.

For long-freezing range alloys(Fig. 2. 21b), the solidifica
tion behavior seems more logical. Long-freezing range im-
plies that solidification occurs over a broad temperature
interval. In this case, the formation of dendrites starts quite
early in the solidification process. As the iron continues to
freeze, theliquid becomes aviscous mixture of dendritesand
liquid. In many cases, when the metal becomes about 50%
solid, all fluid flow is pretty much choked off. That is, the
dendrites act asadensefilter, hindering theflow of theliquid
metal.

In solidification modeling, the fraction of solid that effec-
tively stops the flow of molten metal is termed the critical
fraction solid (CFS). For example, when the CFSis reached,
theriser will no longer feed the casting; hence, long-freezing
range alloys tend to choke off early. Asaresult, these aloys
tend to cause greater amounts of porosity in castings than do
other aloys.

To further demonstrate the concept of short- versus long-
freezing range irons, Fig. 2.22 presents differential thermal
analysis (DTA) thermograms (see Glossary) of two long-
freezingrangeand two short-freezingrange AR castirons. For
Ni-Hard irons (a) and (b), austenite dendrites start to form at
about 75°C (135°F) abovetheeutectic solidificationtempera
ture. For theseirons, theearly formation of dendritesincreases
the viscosity of theiron and limitsitsfluidity well before the
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iron completely solidifies. In contrast, high-Cr irons (c) and
(d) have short freezing ranges with the formation of austenite
dendritesor carbidesoccurring almost immediately abovethe
eutectic solidificationtemperature. Irons(c) and (d) tendtobe
much more fluid than irons (a) and (b), since the flow is
unimpeded by the early formation of austenite dendrites.

The conclusion is clear, it is hard to beat the fluidity of a
short-freezing range eutectic alloy. Whether theiron is short
or long freezing is just amatter of theiron’s composition. In
graphitic irons, silicon can quite effectively increase the
fluidity of the iron by changing the iron’s composition. That
is, the addition of Si can make along-freezing range hypoeu-
tectic iron more of a short-freezing range eutectic iron. For
exampl e, the addition of 2% Si to a3.5% C graphiticironwill
make theiron nearly eutectic and yield asignificant increase
intheiron’sfluidity.

Inthe case of AR irons, Si has practically no effect on the
iron’ scarbon equivalent (CEnite = %C + 1/10% Si), and does
very little in moving the fluidity of a long-freezing range
hypoeutectic AR aloy toward that of a short-freezing range
eutectic one. Consequently, we are left with a question asto
thereal effect of Si on the fluidity of AR cast irons.

Inlow-aloy AR irons, Si depresses the start of dendritic
and eutectic solidification (see Fig. 2.2b for details of this
effect). By keeping the pouring temperature constant, an
increase in the alloy’s Si content effectively increases the
alloy’ s superheat and, thus, its fluidity.

In high-Cr AR irons, the use of Si to increase the alloy’s
fluidity iskind of controversial. Chromiumwill tend to negate
the effect of S on the dendritic and eutectic solidification
temperatures, and, as already discussed, Si has only a minor
effect onthe high-Cr alloy’ s carbon equivalence. In practice,
Si intherange 0.5-0.8% isbelieved toincrease thefluidity of
high-Crironsby forminga“slippery” SiO, filmonthesurface
of the liquid. How much of afluidity boost this surface film
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Fig. 2.22. Differential thermal analysis (DTA) results for four
AR castirons. Irons (a) and (b) are considered long freezing
and irons (c) and (d) are considered shorter freezing irons.
Their compositions are: (a) 3.6% C, 3.2% Cr, 4.1% Ni and 1.0%
Si; (b) 2.9% C, 8.4% Cr, 5.8% Ni and 1.8% Si; (c) 3.9%1 C and
15.3% Cr; and (d) 3.2% C and 28.8% Cer.
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providesisunknown, at thistime, andisthesubject of ongoing
research, as reported in Appendix H.

Theeffect of superheat on fluidity isespecially interesting
tomost foundrymen. For example, if twoirons, having differ-
ent compositions (say a 2.8%C, 25 % Cr iron and a 3.5% C,
15% Cr iron) are poured at the same temperature, they will
have a50°C (90°F) difference in superheat. This constitutes
the source of many arguments about fluidity; that is, not
clearly separating the effects of composition versus that of
superheat.

This problem rears its ugly head whenever anew aloy is
developed or whenever aloys are switched to suit different
applications. When the application has thin sections or is
borderlineonthesizeof itsriser (or morecorrectly itsfeeder),
cold shuts or porosity, respectively, might develop when
switchingtothelower-C, higher-Criron (i.e., longer-freezing
rangealloy). It might just beassumedthat thelower-C, higher-
Criron haslessfluidity. Aswenow know, thisisnot the case.
Both irons have about the same fluidity. When we compare
their positions on the Fe-Cr-C liquidus surface shownin Fig.
2.8, we see that they solidify with about the same amount of
eutectic. However, if we wanted to pour both irons with the
same superheat, the pouring temperature of the 2.8% C, 25%
Cr aloy would need to beincreased by 50°C (90°F) over that
of the 3.5% C, 15% Cr alloy.

Tosummarizethisdiscussion ontheeffect of alloy compo-
sition on fluidity, Fig. 2.23 indicates how composition drives
thefluidity behavior of irons. Although thisdatawas gathered
for graphiticirons, the same behavior should hold for AR cast
irons. Basically, at low and high C content, irons have ashort
freezing range, while at mid-range levels, irons have a long
freezing range.

Superheat

Figure 2.23 also showsthe effect of increasing superheat (see
Appendix G). As the superheat is boosted, the maximum
length theiron cantravel withinthe spiral isincreased. Thisis
what we would expect; higher superheat should allow the
metal to travel further within the mold. It might be reasoned
that thelogical thingto dowould beto cast all ourironsat high
superheat andjust forget about aspecificfluidity for eachiron.

Unfortunately, there are negative aspects to using high
pouring temperatures. Besides the increased cost (due to
energy and refractory use), high pouring temperatures can
degrade the surface finish of the casting by fusing the metal
ontothesand. It also haslimited effectiveness, sincethemold
will ssimply absorb much of this added superheat. That is, as
you increase the temperature of the metal, heat transfer from
the metal to the mold is a so increased, negating some of the
benefits of higher superheat. The higher heat transfer rate at
higher melting temperatures explains why low-carbon cast
steelshave lower “practical” fluidity than near-eutectic irons
having lower melting temperatures. They both have short
freezing ranges, but heat is extracted at a higher rate for the
stel, which has to be cast at much higher temperatures.

Solidification of AR Cast Irons

Hence, if one carefully separates the effects of superheat
and chemical composition, it ispossibleto switch alloyswith
very little worry about forming cold shuts or introducing
porosity in what was asound casting. It isall just amatter of
careful verification of the alloy’ strue solidification tempera-
ture (i.e., the true superheat) and a good understanding of
whether the aloy islong freezing (hypoeutectic or hypereu-
tectic) or short freezing (eutectic).

Melt Cleanliness

An interesting side note about fluidity is that it is highly
susceptible to melt cleanliness. A dirty melt having lots of
oxides and inclusions also has lots of nuclestion sites to
initiate solidification. Given two melts having the same com-
position, the melt having a greater number of suspended
oxidesand other inert particleswill havelower fluidity dueto
earlier nucleation and growth. Conversely, Powell (1990) has
shown that extremely clean melts will not nucleate and so-
lidify until they reach temperatures well below that com-
monly thought of as the equilibrium freezing temperature.
Whentheseultrapuremeltsdo start to nucleateand grow, they
are so undercooled that solidification is extremely rapid and
the microstructure is extremely fine (e.g., similar to that seen
near a chilled surface).

Thisknowledgeisonly now beingusedinthegray and AR
cast iron foundries by the introduction of inert gas melting
practices and by the effort to use cleaner charge materials.
Withacleaner melt, theironwill solidify more uniformly and
moreaggressively, resultinginmuch greater fluidity over that
of adirty melt.

Insummary, itisentirely possibletohaveexcellent control
over the irons' fluidity by matching pouring superheat with
the iron’s composition. For starters, Table 2.1 and Fig. 2.8
provide the necessary datato start your calculations. If more
on thistopic is of interest, the reader is encourage to look at
Campbell (1991).
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Fig. 2.23. Fluidity as a function of superheat and composition
for Fe-C irons. (After Campbell, 1991)
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Structures Formed
During Solidification

We now know how AR cast irons solidify, the various tem-
peratures at which they solidify and how they flow during
solidification. Weal soknow alittlebit about their microstruc-
ture (e.g., how much carbidewill form on solidification). Our
next step is to understand the structures that form during
solidification. As afirst step, we will take alook at the cast
macrostructure of several high-Cr irons shown in Fig. 2.24.
(Later on, we will discuss microstructure.)

Macrostructure

When talking about cast macrostructure, we are referring to
theoverall cast structurethat becomesvisiblewhentheironis
fractured or sectioned. In general terms, acast macrostructure
will be columnar and/or equiaxed (see Glossary) in appear-
ance. In Fig. 2.24, the eutectic iron poured using a low
superheat temperature (upper middie) has columnar grains
growing fromthe surface, with atransition to equiaxed grains
near the center of the casting. At higher superheat, the same
eutectic iron (lower middle) has a macrostructure that is
dominated by columnar grains. This effect was found to be
fairly uniform for both hypoeutectic and hypereutectic irons.

Besides superheat, alloy composition influences the
growth of columnar and/or equiaxed grains. As the iron
becomes more hypereutectic, the growth of equiaxed grains
is favored over that of columnar grains. This can be ex-
plained by theway carbides and austenite grow during solidi-
fication. Large amountsof Cr arerequired to form M;Cz and,
hence, these carbidesgrow very slowly when compared tothe
growth rate of austenite. Consequently, in hypereutecticirons
(where growth is dominated by carbides), growth from the
mold walls is not as rapid as in hypoeutectic irons (where
growth is dominated by austenite dendrites). Therefore,
equiaxed grains have a better chance to nucleate and grow in
hypereutectic irons. As might be expected, when the super-
heat ishigh, youwill get columnar grains, whether you likeit
or not, since the temperature gradient between the mold and
the liquid metal will be quite steep. If this subject fascinates
the reader they should look at Ohno (1987) and the other
references at the end of this chapter.

Typically, the cast macrostructureisnot considered avery
important issue. When specifying a pouring temperature,
consideration is mainly given to figuring out the correct
temperature for properly filling the mold, obtaining a good
surface finish and conserving refractory and energy. In the
past, when many foundrieswerehappy just to produceasound
product, this may have been completely adequate. However,
controlling cast macrostructure can yield important benefits
for the foundry willing to give more thought to their pouring
superheats.

Figure 2.25 provides data as to the effect of cast macro-
structure versus superheat for hypoeutectic, eutectic and hy-
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pereutectic high-Cr AR cast irons (the same ones shown in
Fig. 2.24, except inreverseorder). For hypoeutecticirons, we
follow the predictable pattern of where afine equiaxed struc-
turegivesusal0-15% boost inimpact toughness. For eutectic
irons, it isanybody’ s guess asto the effectiveness of control-
ling superheat. Most interesting is the fact that, for hypereu-
tectic irons, the columnar structure, produced by high super-
heat, yields a30-35% improvement in toughness. Thereason
this occurs will be covered in Chapter 5, Morphology, etc.
In the meantime, the gist of the message is that controlling
superheat and, therefore, cast macrostructureis an important
option for the foundryman.

Fig. 2.24. Examples of cast macrostructure in high-Cr AR cast
irons. The top row of bars were cast at low superheat (50C)
while the bottom row of bars were cast at high superheat
(150C). Each bar is approximately 5x5x18 cm and was frac-
tured in a drop-weight impact test. The nominal compositions
of the bars are: Hypereutectic-3.7% C, 26% Cr, Eutectic—3.1%
C, 26% Cr, and Hypoeutectic-2.8% C, 26% Cr.
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Fig. 2.25. Single-blow impact data on 5x5x18-cm cast bars

showing the effect of casting superheat on impact toughness.
(After Laird and Dogan, 1996)
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Microstructure

Therateof solidificationiswell knownto havedistinct effects
onthe castiron’ smicrostructure. If theironiscooled quickly
(which generates a high solidification rate), we see arefine-
ment of the microstructure, whether it is smaller austenite
dendrites or smaller carbides (primary or eutectic, it does not
matter). Thisrefinement has been documented by anumber of
people (see Matsubara et al. and Ogi et a., 1981, Laird and
Dogan, 1996 or Powell, 1990) and results from a preference
for nucleation over growth when the freezing rate increases.

Aswas mentioned in thefirst chapter, ahigh freezing rate
did bring the discovery of “white cast irons.” Foundries are
still banking on this discovery when they use chills to create
carbides at specific locations. Figure 2.26a shows the chill
cast microstructure of a Ni-Hard-type AR iron. By carefully
controllingtheC, Si, Ni and Cr contents, the depth of chill can
be metallurgically engineered to meet the conflicting de-
mandsof toughnessand wear resistance. Although thissounds
quitesimple, definitivedatado not exist between C, Si, Ni and

Cr to alow accurate predictions of chill depth asafunction
of chemical composition. Moreover, aswould be expected,
other elements influence the depth of chill. The reader is
referred to work by Boyes and Fuller (1964) as a good
starting point for their studies on controlling chill depth in
low-aloy AR cast irons. For further reference Table 2.2 is
provided.

Figure 2.26a also indicates that the M3C carbides are
quite long but isolated or discrete, as compared to slower
cooled, sand cast Ni-Hard (see Fig. 1.1). The isolated,
parallel nature of the carbides shownin Fig. 2.26aisnot the
result of alloying but of the much higher solidification rate
produced by theiron chill and, it should not be overlooked,
a low superheat temperature. This is quite advantageous,
since it is much harder for a crack to propagate across
dendrites than along a near-continuous path of brittle car-
bides, represented by the sand cast iron shown in Fig. 1.1.

Figure 2.26b shows asimilar microstructural refinement
inahigh-Cr AR cast iron. The microstructure immediately
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Fig. 2.26. Examples of chill cast microstructures showing the effect of the solidification rate on the cast microstructure. All photo-
micrographs were taken on a polished plane, perpendicular to the chill surface, at 100X. (Irons courtesy of United Foundries, Inc.)
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adjacent to the chill faceis composed of fine, rod- and blade-
shaped M-Cj3 carbides and small proeutectic austenite den-
drites. Farther away from the chill surface, the austenite
dendritesbecomelarger andthecarbi demorphol ogy becomes
more blade-like. Thistransition, from amicrostructure domi-
nated by a fine dendritic structure to that of a much coarser
structure as a function of solidification rate, is found in the
literature, but perhapsis not well known.

Another interesting relationship between cast microstruc-
tureand solidification rateisthe carbide morphology foundin
theeutectic cell. A good exampl e of thismorphol ogy isshown
in Fig. 2.18c, where near the center of the colony we have a
few rod-like carbides with much larger, blade-like carbides
radiating outward. This carbide morphology was explained
by Dogan and Laird (1997).

Table 2.2
Relative Effects of Alloying Elements on
Chilling Tendency of Hypoeutectic AR Cast Irons

Addition of Change in %1 Applicable Relative
0.1% Alloy to 100% Carbide + Alloying Influence
Hypoeutectic Carbide Graphite Range Factor Based
Base Iron Zone Zone (Wt%) on Si=+1.0@
Silicon -18 -18 0.4-1.7 +1.0
Carbon -6 -75 24-37CE n.a.
Phosphorus -7 -4 0.0-1.2 n.a.
Manganese®)
(in excess of
sulfur
requirement) +6 +6 0.0-3.0 -0.25
Sulfur®
(see above) +28 +28 0.008-0.33 n.a.
Nickel -4.5 -4.5 0.0-5.3 +0.3-0.4
Copper -6.3 n.a. 0.0-4.3 +0.2-0.35
Aluminum -55 -55 0.0-0.18 n.a.
Titanium -8.5 n.a. 0.0-0.85 n.a.
Boron +60 n.a. 0.0-0.20 n.a.
Chromium +16 +16 0.0-3.0 -1.0
Molybdenum +8 +8 0.0-2.0 -0.35
Vanadium +20 +20 0.0-0.7 -2.0
Tin +12.5 n.a. n.a. n.a.
(1) Bars, 1.125-in. thick, 5-in. wide and 9-in. high, were cast against
alarge chill. The change in chill depth was measured for each alloy
addition; please note alloy ranges that were used in the experimental
investigation. A positive sign (+) indicates that the depth of the
carbide formation increases with the alloying addition while a
negative sign (=) indicates that the chill depth decreases. The data
came from Boyes and Fuller (1964).
(2) Positive (+) means that it acts in the same way as Si, while a
negative sign (-) means it acts in an opposite manner to Si. The
source for this data can be found in Boyes and Fuller (1964).
(3) Manganese and sulfur are linked because they form MnS.
n.a. not available.
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As the eutectic cell grows (it represents one nucleation
event and hence grows cooperatively), the solidification rate
varieswithin the eutectic cell. Asthe carbideswithin the core
of the eutectic cell release heat, the solidification rate slows
aroundtheseinitial rod-likecarbides. Thelower solidification
ratethen favorsthe growth of blade-like carbides surrounding
the rod-like carbides at the center of the eutectic colony.

Sometimes, there is a “hole” found within the rod-like
carbides. Thisholeisreal and isfilled with austenite, abeit,
austenite that is highly depleted in Cr and C. Why this hole
exists was explained by Pearce (1984) is his very thoughtful
and practical paper on AR cast irons. Pearce makes a good
argument—using transmission electron microscopy (TEM)
of the carbide microstructure—that the hexagonal structure
(what we are calling rod-like) initially freezes asahexagonal
shell, which then grows inward, forming a shrinkage cavity.
Although this mechanismisdifficult to visualize, and failsto
explain the lack of holes within blade-like carbides, it is the
only scientific mechanism that has been offered, to this date.

Alloy Segregation

The groundwork has been laid as to what happens during the
solidification of AR cast irons. It is known that, during the
solidification event, molten liquid freezes into two solid
forms. a metallic phase (austenite or ferrite) and a carbide
phase (M3C or M7C3). Using the phase diagrams, onecan also
make reasonable estimates asto the C and Cr contents of the
ferrousand carbidephasesandtheir rel ativevolumefractions.
Also, there should be agood understanding of the cast solidi-
fication macrostructure and microstructure.

In this chapter, the emphasis has been on the C and Cr
contentsof theiron. For example, whether theironformsMsC
or M;C3 carbides is mainly controlled by the Cr content.
Likewise, whether theiron becomeshypoeutectic or hypereu-
tecticismainly controlled by both the C and Cr contents. This
section will expand on this basis and bring into focus the
important effectsof Si and Ni on pearlitic, Ni-Hard 1, Ni-Hard
2 and Ni-Hard 4 cast irons, and the general effects of Si, Ni,
Mo, Mn and Cu on the solidification behavior of AR cast
irons.

When reviewing specifications for AR cast irons, these
other aloying elements often have distinct ranges. For the
most part, these elements are only added for hardenability
(see Chapter 4, Alloying for Hardenability). For example,
when casting a3% C, 15% Cr iron, the ASTM A532 specifi-
cation (see Appendix E, Standards, Table E7) callsfor an Mo
level of between 2.3 and 3.5%. If the casting isthin (under 25
mm) and heat treated under the right conditions, it isentirely
possible to obtain ahard AR iron using 1.0% Mo. Although
the iron would not meet “specification,” it would be essen-
tially identical to other thicker castings containing between
2.3 and 3.5% Mo. A cautionary note, however: the trouble
withleanalloying (e.g., using low levelsof Ni and Mo) isthat
you do not realize that you have a problem until the castings
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have been heat treated and are ready to be shipped to the
customer. (Moreinformationonleanaloying canbefoundin
Chapter 4, Alloying for Hardenability.)

An important concern when adding alloying elements to
ARcastironsiswherethealloying elementswill end up: inthe
carbide or inthe metallic matrix. Oncean aloying elementis
absorbed by the carbide, it no longer has any effect on the
iron’s hardenability. It means that the hardenability of the
metallic matrix is determined by the alloying elementsin the
matrix, and not by those parts of the alloying elementslocked
within the carbides.

As a start, Fig. 2.27 provides a schematic of how the
various hardenability elements (which naturally include C
and Cr) segregate or partition during solidification. It should
also bekept in mind that the partition behavior isal so amatter
of solidification rate and, once the iron is solid, the time
available for diffusion. It isacomplex subject.

During austenite formation (proeutectic or eutectic), the
growing austenitedendritewill tend to accept or reject certain
alloying elements. As we know from previous text on the
solidification behavior of Fe-Cr-C irons, the growing austen-
ite dendrite will readily reject or segregate C and Cr into the
liquid. Thedendritewill alsoregject Mointotheliquid, and, for
that matter, other strong carbide-forming elements, likevana-
dium (V), tungsten (W) and niobium (Nb). The austenite
dendritewill alsoregject chill-inducing elements, suchasPand
S (and other trace elements, such as Bi, Te and Mg).

Manganese, since it is a weak carbide former, is not
strongly rejected by thegrowing austenitedendrite. Atthe 1%
melt level (an Mn content that is often found in AR cast iron
compositions), it is aimost evenly divided between the den-
drites and the carbides. We find the same behavior for the
hardenability elementsof Si, Cuand Ni. During solidification
of the dendrites, thereislittle rejection of these elements.

The exact opposite takes place during the formation of the
carbide phase (be it the low-Cr M3C or the high-Cr M7C3
carbide). Silicon, Cu and Ni are completely rejected into the
liquid. In other words, Si is insoluble in the carbide phase,
whilethe solubility of Cuand Ni isvery, very limited. For all
practical purposes, Si, Cuand Ni arejust takento beinsoluble
in the carbide phase.

As can be expected, C, Cr and, to some extent, Mo and V
will be directly absorbed by the growing carbide. The reason
we say “to some extent Mo,” isthat Mo also tendsto formits
own eutectic carbides, given half achance. At Mo levelsover
2%, onecanfind M 0,C carbidesdotted al ong theausteniteand
eutectic grain boundaries. At even higher levels, say from 3to
5% Mo, the presence of Mo carbides is quite apparent along
those boundaries. Thereason M o,C carbidesarelocated there
is that they solidify during a separate, lower-temperature
eutecticreaction. Figure2.28 showsafew DTA thermograms
of a3% C, 20% Cr AR cast iron with different Mo contents.
The upper peaksshowninthese DTA thermogramsrepresent
the eutectic reaction L 0 y+ Mo.C.

Solidification of AR Cast Irons
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Fig. 2.27. Schematic of approximate segregation behavior of
hardenability elements during solidification.

Manganese is found in both the M3C and M,Cj carbides;
much asit isfound in the austenite dendrite. The Mn content
of themelt isthe same one found in both the dendritesand the
carbides.

Table 2.3 provides experimental data concerning the par-
tition behavior of aloying elementsduring solidification. The
numbers given in Table 2.3 represent the partition ratio of a
particular element between the carbide and the matrix (some-
times, the partition ratio is also termed the partition coeffi-
cient). The microchemistries provided in this table are from
Laird (1991) and were obtained using an el ectron microprobe
(see Glossary).
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Fig. 2.28. DTA thermograms of a 3% C, 20% Cr AR cast iron
containing varying amounts of Mo. They readily demonstrate
that the formation of Mo,C occurs at the very end of the
solidification process. As can be imagined, the only remaining
place for the Mo,C to form is at the grain boundaries of the
eutectic cells, where it can lower the fracture toughness of the
iron. (Courtesy of M. lkeda)
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(Alloy Segregation, continued)

Besidesthe partitioninformation presented in Table 2.3, it
isuseful to spend afew minutes onthe chemical information.
For eachiron, theoriginal melt compositionisgiven, followed
by the microanalysis information for the carbide and matrix
phases. These numbers provide adefinitive measure of where
the aloying elements (including C and Cr) end up at the end
of solidification.

One of the interesting thingsto noticein Table 2.3 isthat,
as the Cr content of the iron increases, the Cr content in the
matrix similarly increases(but perhapsnot asfast asonemight
expect). The amount of Cr contained within the matrix isnot
only asimplefunction of themelt’ soriginal melt composition
but also of the melt’s C content.

Based on knowledge of the phase diagram, one can under-
stand that, asthe C content increases, the amount of carbides

will also increase. Any formation of carbideswill consumea
largeamount of Cr and, hence, lower theamount of Cr that will
be available to the matrix. Thisis evident in Table 2.3 when
examining the first three high-Cr alloys. Moreover, thisrela
tionship is borne out by the phase diagram if one plots the
iron’s composition on Fig. 2.14 and draws atie line through
the origin. If the C content isincreased while holding the Cr
content constant, aquick investigation of Fig. 2.14 will show
that the Cr content of the eutectic austenite decreases.

It should not be overlooked that Cr is a very powerful
“hardenability” element and isthe dominant reason that high-
Cr AR irons are often partialy austenitic in the as-cast state.
Also, when the Cr content of the matrix is over 11%, theiron
will have significant corrosion resistance (see Chapter 9).
Thus, it is more than just of academic interest to understand
the partitioning behavior of Cr within theiron if good corro-
sion resistance is of concern.

Table 2.3
Alloy Segregation (Partition) During Solidification of AR Cast Irons

Composition (Wt%)

Cr C Fe Ni Si Mn Mo Cu

Ni-Hard AR Cast Iron or ASTM IA:
Melt 32 36 na 41 10 05 00 0.0
Carbide 58 6.1 866 14 00 04 00 0.0

Matrix 12 11@ 898 61 20 03 00 00

Ni-Hard 4 AR Cast Iron or ASTM ID:

Melt 84 29 na 58 18 10 00 0.0
Carbide 302 88 602 07 00 13 na na
Matrix 34 13 852 69 25 09 na na

Ni-Hard 4 AR Cast Iron or ASTM ID:

Melt 80 34 na 58 22 11 00 00
Carbide 245 84 655 07 00 13 na. na
Matrix 26 102 85 74 32 08 na na

High-Cr AR Cast Iron or ASTM IIB:

Melt 184 22 na 04 03 05 00 00
Carbide 50.2 8.7 410 00 00 07 01 0.0
Matrix 115 1.0® 84 06 07 06 00 01

High-Cr AR Cast Iron or ASTM IIC:

Melt 153 31 na 04 04 06 09 038
Carbide 455 84 442 00 00 06 16 00
Matrix 95 1.1@ 863 05 05 06 05 13

High-Cr AR Cast Iron or ASTM IIE:

Melt 202 30 na. 04 05 07 19 08
Carbide 530 86 361 00 00 07 18 0.0
Matrix 11.7 1.0 824 06 08 07 08 15

High-Cr AR Cast Iron or ASTM IlIA:

Melt 288 32 na. 03 02 05 05 01
Carbide 609 86 313 00 00 04 05 00
Matrix 133 06@ 80 04 06 05 03 01

n.a. not applicable or not analyzed.

(1) Stoichiometry of the carbide (i.e., M;Cs = M7,C3p) is based on exact microprobe data and ( ) shows rounded numbers.

(2) Matrix C concentrations were referenced against a low-C standard (NBS 160A, 19% Cr, 14% Ni, 3% Mo, 0.06% C steel).

Partition Ratios = Carbide% / Matrix%
Total Stoich.(® Cr C Ni Si Mn Mo Cu
100.5 M77C23 4.8 55 0.23 0.0 1.3 n.a. n.a.
100.7 (M3C)
101.3 M70Cz0 89 68 011 00 16 na na.
100.3 (M;Cy)
100.6 M71Co9 94 84 009 00 16 na na
101.6 (M7C3)
100.4 M70Cz0 43 87 00 00 12 na 00
100.2 (M7C3)
100.4 M71Cog 48 76 00 00 10 32 0.0
100.2 (M;Cy)
100.2 M70Cz0 45 86 00 00 10 22 0.0
99.6 (M7C3)
101.5 M71Co9 46 143 00 0.0 080 na. 0.0
101.0 (M7C3)
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Table 2.3 confirms the phase diagram compositional pre-
dictionsfor a3% C, 15% Cr iron, showing amatrix C content
of 1.1% (which has an error of +0.2%). For other irons, the
measured C content within the matrix phaseisin accord with
the phase diagram predictions concerning eutectic austenite
(i.e., as the matrix Cr content increases the C content de-
Creases).

The data of Table 2.3 further confirm that Si and Cu are
completely rejected from the carbide phase. Nickel is also
largely rejected by the carbide phase. Thisisuseful informa-
tion for the foundryman thinking about hardenability, since
any addition of Si, Cuand Ni will bemagnified by theamount
of carbidesthat areformed during solidification. For example,
in case we areinterested in adding 1% Ni to a 3% C, 20% Cr
AR cast iron, the actual matrix content can be calculated as
follows:

Nimarix = Ninat / (1 — CVE / 100)
NlMaInx =1.5% (2.6)

The same approach can be used to cal culatethe actual amount
of Si and Cu that is present in the matrix.

Silicon plays a diverse role in many AR cast iron’'s. For
example, many high-Crironshaveanominal Si level of 0.6%.
As an alloying element, Si imparts little hardenability; con-
trarily, it does promote the formation of pearlite, and thus
lowers the hardenability of the iron. Consequently, the main
reason for adding Si to a high-Cr iron isto control the melt
oxidation and increase fluidity. Silicon will form a thin
tenacious layer of SiO, on the surface of the melt. This thin
layer will hinder the formation of Cr,O3, thereby providing
some measure of protection against further oxidation. Silicon
isalsoreported to makefurnace slag lessviscousand easier to
handle on removal, prior to tapping.

Asanalloying element, Si separatesfully to the matrix, so
evenlimited additionsof Si can haveunwanted consequences.
For example, if a3% C, 25% Crironisaloyed with 0.6% Si,
the real matrix content is actually around 0.9%, assuming an
approximate carbide volume fraction (CVF) of 35%. This
multiplier effect explains why Si can have dangerous conse-
quences.

Unfortunately (or fortunately), the other hardenability
elements do not behave in the sameway as Si, Cu or Ni. As
showninTable2.3andillustrated in Fig. 2.27, Mnisequally
distributed between the carbide and matrix and poses no
problemsfor our hardenability cal culations. However, one of
the more frequently used hardenability elements, Mo, has a
more complicated behavior since it partitions or segregates
between the austenite dendrite and the M,C; carbide phase
and may form its own carbide phase (M0,C). It has been
estimated that only about one third of the origina melt
addition of Mo ends up in the matrix, where it affects the
hardenability of theiron. Hence, if you add 2% into the melt,
you will be lucky to obtain the same hardenability effect as
that of 0.8% Mo ina1% C steel.

Solidification of AR Cast Irons

Ingeneral, oneshouldthink of aAR castiron ashaving two
components: aheat treatable matrix and anetwork of carbides
(whether M3C, M7C3, M0,C or whatever). If one focuses on
the matrix compositionsgivenin Table 2.3, it becomes obvi-
ousthat we are basically heat treating a special class of high-
C tool steel. For example, acommon tool stedl is D2, which
contains approximately 1.4% C, 12% Cr, 0.8% Mo, 0.3% Si
andperhaps0.25%V for grainsizecontrol. (Alternatively, the
H211 composition of 0.4% C, 5% Cr, 1% Mo and 0.9% Si is
also agood fit for many AR cast iron matrix compositions.)
The D2 composition isfairly closeto the matrix composition
of aloy ASTM IIE shownin Table 2.3.

Foundrymen interested in heat treating a 3% C, 20% Cr
ironwill learnalot fromtheliteratureon heat treating D2 (and,
likewise, many of the other tool steel alloys, e.g., H11)
(Robertset al., 1980). Thisisthereal beauty of understanding
the working of solidification and segregation in AR irons. It
allows us to dive in, eliminate the extraneous and develop
fundamental mechanisms of AR irons' behavior.

Alloy-Specific Notes
on Solidification

Pearlitic and Ni-Hard 1 and 2 AR Cast Irons

In much of the discussion on segregation, the emphasis has
been placed on high-Cr compositions with an assumption of
fairly slow cooling rates. This is at direct odds with the
conditions pertaining to chill-cast, pearlitic AR iron grades,
andinmany applicationswhereNi-Hard 1 and 2 are prevalent.
Althoughthesameprinciplesapply (e.g., Si isstill completely
rejected from the growing carbide phase), the intensity of
these reactions increases.

Take, for example, the behavior of aeutectic pearliticiron
having a CVF of 35%. At this level, the Si content of the
dendrite is approximately 1.5 times the original melt’s con-
tent. Athigh solidificationrates, when diffusionisminimized,
dendritic Si content can be even greater than predicted by
straight partitioning between carbide and austenite phases.

The casting of steel mill rolls presents an example of a
pearlitic or lean Ni-Hard 1 alloy that experiences a high
solidification rate. In this casting process, the aloy is cast
against a very thick steel cylinder (e.g., about 20 cm (8in.)
thick) tocreatea5-10cm (2—4in.) thick shell of ARiron. This
shell isthen backed up with agray or nodule iron to form the
body and necks of theroll. Typical stee mill rolls are shown
in Chapter 10, Applications.

Another name for pearlitic or lean Ni-Hard 1 aloys that
have been chemically tailored for steel mill roll applications
is “indefinite chill.” Figure 2.29 shows a micrograph of the
indefinite chill microstructure. The elongated graphite zones
between the eutectic carbide structureisthe main microstruc-
turefeature of indefinite chill irons. This structureis brought
about by the carbide eutectic grains growing parallel to the
heat flow. Asthe carbide structure grows, Cr is absorbed and
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25 e freen Chill

Fig. 2.29. Optical micrograph of a polished section, perpen-
dicular to the chill face. Dark stripes that run perpendicular to
the chill face are graphite stringers. General composition is
3.9% C, 0.7% Si and 1.8% Cr. 80X.

siliconisrejected intotheremaining liquid. Thisinterlayer of
liquidisthendriventoward thegraphiteeutecticleadingtothe
thin graphite stringers shown in Fig. 2.29. The amount of
graphiteformed can be mani pul ated to someextent by varying
theratio of graphitizers(Si, Ni, Al, etc.) to carbide stabilizers
(Cr, Mn, Mo, V, etc.) added to the melt depending on the
required chill depth. The indefinite chill structure is popular
with roll manufacturers because of its unique combination of
resistance to wear and thermal shock.

Ni-Hard 4 AR Cast Irons

Silicon is the one common alloying element that has a rea
impact on the solidification behavior of pearlitic and Ni-Hard
1,2and4 AR castirons. Itsuseismost striking in Ni-Hard 4
(ASTM ID). Althoughthe ASTM specificationrequiresan Si
level of between 1.0 and 2.2%, this specification rangeistoo
wide to always result in the production of an iron having the
same microstructure. Indeed, at the lower end of the specifi-
cation (<1.4% Si), aduplex carbideisformed, having a hard
M-C3 coresurrounded by asofter M 3C shell. Atthehigher end
of the specification (>1.5% Si), the carbide will be entirely
M-Cs.

Figures2.30aand 2.30b show afew resultsof thisinterest-
ing behavior. Asthe Si content isincreased, the formation of
M 3C is suppressed. Adequate suppression occurs at athresh-
old value of 1.5% Si, while complete suppression is obtained
at even higher Si levels.

To explain this behavior, we need to examine the phase
diagram for alow-Si Ni-Hard 4 aloy (0.3% Si). Asthe Ni-
Hard 4 starts to freeze, proeutectic austenite dendrites will
start to formin the hypoeutectic iron. Astheremaining liquid
becomes enriched in C and Cr, the iron moves up and to the
right until it hits the eutectic line. At this stage, the eutectic
reaction of L 0 yFe + M;Cs isinitiated. As the remaining
liquid continuesto freeze, it will slide down the eutectic line
until it hits the peritectic point at 4.2% C and 9.7% Cr. Once
at the peritectic point, shells of M3C will start to form around
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the existing cores of M;Cs. If enough liquid remains after the
peritectic reaction, it then continuesto solidify asledeburite
(L O yFe+ M3C). (see Glossary for Peritectic Reaction.)

If the Si content is above 1.5%, the peritectic reaction is
hindered. At even higher levels, say, around 1.7% Si, the
peritectic reaction is effectively suppressed. Proof of this
mechanism is given by the DTA thermograms shownin Fig.
2.30c for low- and high-Si Ni-Hard 4 irons. Asthe Si content
isincreased, the M3C formation (i.e., the peritectic reaction)
is suppressed and the M3C peak disappears.

Thisbehavior isexplained by Si’ seffect onincreasing the
activity coefficient of C within the melt. As eutectic solidifi-
cation commences, Si is completely rejected from the grow-
ing M7C3 carbide. This creates a high-Si halo around the
growing carbide. Consequently, this high-Si halo increases
thelocalized C activity and shiftstheliquid compositiontothe
right (i.e., higher C). This compositional shifting to a pseudo
higher C content drivesthe growth of existing M+Cs carbides
until all the remaining liquid has solidified.

To close on this subject of Ni-Hard 4, NiDI’s 1996 publi-
cation (see references) recommends that Ni-Hard 4 should
have between 1.5 and 2.0% Si with an optimum Si content at
1.9%. If the reader is interested, they should also study the
work of Laird et a. (1991) and Thorpe and Chicco (1981).

High-Chromium AR Cast Irons

The saga on peritectic reactions is not yet over. In a few
experimentswith 15% Cr irons, it wasfound that the hypoeu-
tectic (3.5% C) and eutectic (3.7% C) gradesall gave uniform
microstructures of austenite and M;Cs, whilethe hypereutec-
tic (4.3% C) grade gave a mixed microstructure of austenite,
M-C3 and M3C (or duplex carbides having a core of M;C3
surrounded by a shell of M3C) (see Laird and Dogan, 1996).
Figure 2.31 shows an SEM photomicrograph of this duplex
microstructure.

The formation of M3C carbides in just the hypereutectic
grade is due only to the initial formation of primary M;Cg
carbides, depleting the liquid of C and Cr, which drives the
remaining liquid straight toward the peritectic point (this can
be visualized by drawing a straight line on Fig. 2.8 from the
origin to this hypereutectic composition). | n the hypoeutectic
and eutectic grades, theliquid is enriched in C and Cr during
solidificationandtheremainingliquidisdrivenaway fromthe
peritectic point. In short, when the Cr level is not above 15%
Cr, be careful in dealing with hypereutectic grades, or the
results may not be what was expected.

Specialty AR Cast Irons

D2 and 440C AR Cast Irons

Before covering the other specialty alloy systems, we should
finishthediscussionfrom Chapter 1 about theFe-Cr-C system
covering the special alloys, known commercialy as D2 and
440C (see Table 1.5 for details). Two large black dots,
representing D2 and 440C, are superimposed on the Fe-Cr-C
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liquidus surface shown in Fig. 2.32. Both of them fall to the
right of theaustenite eutectic solidus(dashed) lineand arethus
classified as irons (since eutectic carbides are formed). A
further look at Fig. 2.32 indicates that a number of low-C,
high-Cr irons can be devised by keeping to the right of the
austenite eutectic solidus line. This is a handy piece of
information for the foundryman interested in developing
tough, AR or abrasion/corrosion-resistant irons.

As can be interpreted on this phase diagram (Fig. 2.32),
both of theseironsform M,Cseutectic carbides, albeit through
dightly different solidification routes. The D2 iron follows

(2.30a)

the standard solidification route for a hypoeutectic iron,
while the 440C iron starts with the formation of & (delta
ferrite) and then follows the peritectic line (L + & O ) until
the remaining liquid hits the peritectic point (L + 0 y +
M-C3) and finally finisheswithin the eutecticvalley (L O y
+ M7C3).

Although one may think that the 440C iron would beless
fluid than the D2 iron, they are actually quite similar in
fluidity. They bothhaveextremely long solidificationranges
and could be expected to suffer from piping and hot tearing
problems.

(2.30b)
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Fig. 2.30. Silicon has a strong tendency to suppress the formation of MsC during solidification. This is shown quite sharply in Ni-
Hard 4 irons containing a range of Si contents. The two photomicrographs show polished sections that have been etched with 2%
nital and then stained with Murakami’s. The Murakami’s will stain the M,Cs carbide and not the MsC carbide. The M;Cs carbide will
appear dark and the MsC carbide will appear light. As shown in (a), if the Si content is 0.3%, the iron will form soft MsC carbides
around the much harder M;C3 carbides. At higher Si content, (b) shows that it is possible to completely suppress the formation of
M;sC carbides. The DTA thermograms (c) provide another method to confirm these results.

Solidification of AR Cast Irons
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Fig. 2.31. SEM (in backscatter mode) of duplex microstruc-
ture. Dense phases (matrix and MsC carbides) reflect more
electrons toward the detector and appear lighter, while less
dense phases (e.g., M;C3) reflect fewer electrons and appear
darker. The formation of the peritectic shell of M3C carbide is
shown around most all of the M;Cs carbides.

Theseirons, however, servesdlightly different applications.
Both havegoodtoughness(i.e., comparedtoaregular AR cast
iron) because they have very low CVFs (around 10-12%
versus20-35% for high-Cr AR castirons). They a so respond
similarly to abrasive wear when heat treated to the same

|
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Fig. 2.32. Solidification paths for low-C AR cast irons, known
commercially as D2 and 440C.

34

hardness. The similarity ends here, however. From the phase
diagram, it is seen that the Cr content of 440C austenite
dendrites is around 15%, while that for the D2 dendrites is
around 10%. It follows that the corrosion resistance of the
440C is superior to that of D2. This shows, once more, how
phase diagrams can be powerful tools for the prediction of
abrasion and corrosion resistance of existingironsand for the
development of new irons.

Ferritic High-Cr (Fe-Cr-C-X) AR Cast Irons

The Fe-Cr-C-X irons are characterized by the use of aloying
additions of one or more of thefollowing elementsin place of
the X: V, Nb, W, Mo and Ti. These should be in sufficient
guantities to form discrete carbides having the chemical
notation closeto onemetal (M) atom for one carbon (C) atom
or MC.

Vanadium Addition—One member of this aloy family is
commonly known as A7 (AlSI classification) and is denoted
asaspecia wear-resistant cold work die steel by Robertsand
Cary (1980). Its base compositionis 2.3% C, 5% Cr and 5%
V with Si, Mn and Mo added for hardenability. A complete
specificationisgivenin Table 1.5. The appropriate Fe-Cr-C-
V liquidus surface for thisiron is shown in Fig. 2.33. It was
constructed by holding the Cr content constant at 5% while
varyingtheCandV contents. Hence, thissurfaceisonly valid
for Cr contents close to 5%.

Followingthedefinition of what constitutesaniron, the A7
alloy should be classified as a hypoeutectic iron. The first
phasetoformisy, followed by the V eutectic reaction of VC
carbides and austenite (L 0 y + VC). Theiron continues to
solidify along this eutectic valley until the remaining liquid
hitsthe peritectic point and startsto form M-Cs carbides (L +
VCO y+M;Cy). Atthevery end, theremaining liquid slides

18 | |
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Fig. 2.33. Metastable liquidus surface for the Fe-Cr-V-C
system with the solidification path for A7 (2.3% C, 5% Cr,
4.75% V iron) superimposed on the liquidus surface. The black

dot marks the start of the A7 solidification sequences. (After
Sawamoto et al., 1986)
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down the Cr carbide eutectic lineand formsasmall amount of
eutectic M;C3 (L O y + M;C3).

After solidification, the microstructure of the A7 iron
appears as shown in Fig. 1.8, presenting large dendrites
interspersed with eutectic V C carbides and M;C3 carbides at
the grain boundaries. The Cr added to this iron brings the
benefit of additional CVF and increased hardenability. Be-
causeof their highV content, suchironsare expensivebut can
provide superior toughness and abrasion resistance in some
applications. The discrete VC carbides allow toughness, and
their extreme hardness (2400 DPH) provides superior abra-
sion resistance under some conditions.

Niobium Addition—The effect of adding Nb to the Fe-Cr-C
systemsissimilar to that of V, but much stronger. Dueto the
very strong affinity of Nbfor C, inthiscase, the solidification
begins with the formation of NbC carbides and then follows
the standard solidification pattern for an Fe-Cr-C aloy.

Figure 2.34 shows the microstructure of ahigh-Cr Nb and
V alloyed AR cast iron. Although only 0.5% Nb is added, it
readily forms NbC. For comparison, an addition of 2% V
dissolvesmostly intothe M ;Cs carbidesleaving traceamounts
in the matrix. This confirms Nb’'s much stronger carbide-
forming characteristics.

Animportant characteristic showninthemicrographgiven
of Fig. 2.34 isthe clustering of the NbC carbides at the center
of theaustenitedendrites. Thesituation of thesecarbidesat the
center of the dendrite indicates that they solidify first; i.e.,
prior to the formation of the austenite. The presence of hard
Nb carbides at the center of the softer dendrites can provide
increased wear resistance. Thisis true whether theironis a
low-aloy or high-alloy AR iron, and is of interest to those
wanting to strengthen the dendritic structure of the iron.

Tungsten, Molybdenum and/or Titanium Addition—Other
exoticadditionsto special AR castironsareW, Moand Ti. All
arestrong carbideformers; however, the effectsof W and Mo
aresimilar tothat of V, while Ti behaves much morelike Nb.
Considering the lack of known commercial applications for

Fig. 2.34. SEM (backscatter mode) of a 2.3% C, 28% Cr, 0.5%
Nb, 2% V iron. The very dense NbC carbides appear white
under backscatter mode. The other surrounding carbides are
of the M;C3 type. No VC carbides were found. Note: image
analysis was used to highlight the NbC carbides.

Solidification of AR Cast Irons

cast aloys with high-alloy additions of W and Mo, the
interested reader is referred to Roberts and Cary (1980) for
more information. Nonetheless, we need to mention that in
specialty tool steels, W and Mo combineto form avery hard
carbide with a stoichiometry referred as MgC, where the M
consists of Fe, W and Mo atoms and has ahardness of around
2400 DPH.

Irons aloyed with Ti enjoy more usage. In cast iron, Ti
forms TiC carbides having hardnesses of around 3000 DPH.
Titanium, of course, will aso consume agood fraction of any
available N within the melt, forming titanium nitrides (TiN).
However, sincethe C presenceisorders-of-magnitudegreater,
TiC will readily form.

Titanium is very reactive and will ailmost immediately
form small TiC carbides within the melt (with a melting
temperature of 1700C/3092F). One concern is their lower
density: TiC = 4.5 g/lcm3, as compared to the cast iron’'s~7.5
g/cm3. Inthick castings, TiC carbides can float to the top. As
acaveat, all metallurgical processes havetheir limits, yet TiC
CVFsof around 6-8% have been successfully introduced into
Ni-Hard compositions. Be warned, however, that the pres-
ence of solid particlesinthe melt will have adrastic affect on
theiron’sfluidity.

Effects of Tramp Elements
on Solidification

Often, there areiron specificationswith rigid limitsfor phos-
phorus (P) and sulfur (S) (see Appendix E, Standards, Table
E7). For example, the ASTM specifications call for Pand S
limits of 0.30% and 0.15%, respectively, for TypelA, B and
C; and P and S limits of 0.10% and 0.06% for all others. In
other countries, similar restrictionson Pand Sareapplied. The
reasons for these limits are based on experience rather than
theory.

Phosphorus

In the early days of iron manufacturing, P was often added to
increase the fluidity of the iron. In actuality, P forms a low
melting eutectic (L O yFe + FesP). Astheiron solidifies, P
segregatesintotheliquid and, after everything elsehassolidi-
fied, formsabrittle phosphide eutectic. By extending thetime
that the iron remains fluid, its “fluidity” is then increased,
albeitwith somedisastrousmechanical property consequences.
Figure 2.35 showsthe morphol ogy of the phosphide eutectic.
Its porous morphology is easily fractured and its presence
along thegrain boundariesleadsto easy and fast intergranular
fracture (i.e., the fracture path runs along the grain bound-
aries).

A little-known reason for adding Pto AR cast ironsisthe
elimination of the appearance of hot tears at the surface of the
castings. However, the hot tear still exists, itisjust filledinor
“healed” with the phosphide eutectic. Visually, it appears as
if the hot tearing has been prevented but, mechanically, the
iron has become even weaker.
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InAR castirons, Pistypically not engineeredintotheiron.
Itisconsidered atramp element, thusan undesirable element.
This leads one to wonder at what level P is deleterious.
Phosphorus strongly segregates into the liquid during so-
lidification and, asaresult, phosphide eutectic hasbeen found
at levelsaslow as0.02% P. It is, thus, entirely likely that we
will find the brittle phosphide eutectic in irons having 0.10%
P and, to a greater extent, in irons containing 0.30% P.

However, irons are not steels. Abrasion-resistant irons
havetheir own preexisting network of brittle carbidesand the
addition of trace amounts of another brittle phase has little
measurable effect on its mechanical and wear properties.
Sincethe ASTM types|A, B and C already contain plate-like
M3C carbides, their tolerance for additional plate-like phos-
phide carbides (max. 0.30% P) is considerably greater than
that of the higher-Cr AR irons containing rod- and blade-like
M-C; carbides (max 0.10% P).

From this discussion, foundrymen should keep in mind
that thereisnolevel of phosphorus, that, once exceeded, will
“destroy” their iron. That is, many applications could reason-
ably tolerate phosphorus levels of 1% or more, while other
applicationswill requirethat thePlevel benomorethan 0.1%.
Itisall amatter of understanding theiron and the application.

Sulfur

Sulfur is another restricted or tramp element in AR irons.
Sulfur, like P, strongly segregates into the liquid during
solidification. For carbide-containing irons, Sisno big deal.
Sulfurisabig concernfor gray iron foundries, wheregraphite
morphology (flake or spheroidal) isaffected by the S content.
Sulfur is also a problem for steel foundries, for a number of
reasons. It has a strong affinity for Mn and will readily form
MnS during solidification. Thisis part of the problem.

Because S strongly segregates into the liquid, these MnS
inclusionswill naturally form along the grain boundaries and
act asinitiation sitesfor intergranular fracture. Consequently,
when Mn content is low and S content high, embrittlement
will occur when hot working the steel at around 1000C
(1832F) (it is called hot shortness). Under these conditions,
the intergranular sulfide eutectic (just like the phosphide
eutectic, earlier) will melt and cause hot shortnessor cracking
of the steel asit is deformed.

For irons, these issues do not strike a strong note. A few
MnSinclusions are never abig deal in amaterial having 10—
40% CVF and, furthermore, cast irons arerarely hot worked.
Realigtically, AR cast irons could easily handle higher levels
of S (above 0.15%), with little degradation in properties.
Thus, whileitisbest not to purposely add Sto theiron, would
we pig an AR iron having 0.15% S? Most likely not. On the
other hand, would we purposely try to make a AR cast iron
having 0.15% S? Most likely not, in view of sulfur’s known
tendency to induce hot tearing and reduce toughness.
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Inoculation for Better Solidification

Inoculationisasensitive subject to many scientistsaround the
world. Definitiveand conclusiveresearch showing theforma-
tion of finer carbides through inoculation are about nonexist-
ent. At best, the evidence that the eutectic carbide size can be
controlled by inoculation is very limited. This has not hin-
dered some researchers to claim that they have been able to
form spherical carbides viathe addition of special inoculants
or aloying compositions. In all cases, these claims are not
fully substantiated. That is, 2D views showing smaller car-
bides do not imply that the carbide's 3D shape has evolved
from rod-like to sphere-like. Until further proof is delivered,
thisdiscussionwill center onthelimited research availableon
the refinement of the eutectic microstructure through in-
creased nucleation.

Now is a good time to emphasize a few points about
nucleation. Nucleation is not uniform and not perfect. Asthe
iron approaches the metastabl e liquidus surface, small solid
particleswill act asnucleation sites. Initialy, only afew sites
will be attractive enough to initiate growth. Astheiron cools
further, a greater driving force develops to transform the
liquid into solid. At this stage, additional solid particles will
become attractive to the liquid metal for nucleation and
growth.

As the temperature drops, dendrites start growing below
the metastable surface. However, dendrites that nucleated
early in the solidification process grow much larger than the
dendrites that started to form in the later stages of solidifica
tion. Consequently, the iron will have very large eutectic
carbides surrounded by a smattering of smaller eutectic car-
bides.

Therefore, theaim of inoculationisto introduce solidified
particles into the melt, in order to provide an overwhelming
number of attractive nucleation sites, such that growth occurs
throughout the liquid at the same time. Competition between
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Fig. 2.35. Phosphide eutectic at the grain boundary within a
gray iron. (Courtesy BCIRA)
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the growing eutectic grains hinders the formation of large
grains and thus promotes the formation of smaller, more
uniform-sized eutectic grains (which resultsin finer eutectic
carbides). The goal of inoculation isto create afiner-grained
ironwithimproved mechanical and wear properties. Thisgoal
hasrarely beenachieved. Additionally, asdemonstratedinthe
section on Effect of Fluidity on Solidification, a more uni-
formly solidifying melt will also have increased fluidity.

One bright piece of work on inoculation was done by
Rickard (1960) on aferritic high-Cr iron (1.5% C, 30% Cr).
Figure 2.36 shows some results from Rickard's work. The
evidence is quite conclusive that Ti does promote a finer
grained microstructure in this hypoeutectic iron. Since the
iron is hypoeutectic and falls within the & field on the meta-
stable Fe-Cr-C liquidus surface (Fig. 2.8), the first phase to
solidify isferrite. However, when Ti is added, thefirst phase
tosolidify isactually TiC, followed by theformation of ferrite.

Indrawing conclusionsfrom Rickard’ swork, wecould say
that TiC acts as a nucleant to the ferrite phase. As the
hypoeutectic iron cools and approaches the liquidus surface,
solid TiC particles provide numerous sites for the ferrite to
nucleateand grow. Growth then occursat many sitesandinall
directions, resulting in many small grains.

Besides the qualitative data on grain refinement (Fig.
2.36), Rickard also provided tensile test data indicating that
grainrefinement increased theiron’ stensile strength from 45
MPa(65kpsi) to 54 MPa(78kpsi). Thisislogical, sinceit has
long been known that grain refinement in steel will result in
increased tensile strengths. How much refinement of micro-
structurerel atesto abrasion and impact propertiesisunknown
at thistime.

Tensile ol ban

Fig. 2.36. Fractured tensile test bars after inoculation with
varying amounts of titanium. As the level of titanium is
increased, the grain size of the hypoeutectic 1.5% C, 30% Cr
AR iron decreases.

Solidification of AR Cast Irons

In more recent years, other researchers have looked at Ti
inoculation and have found similar results for hypoeutectic
irons. For example, Basak et a. (1982) looked at a single
addition of 0.35% Tiina2.5% C, 4.5% Mn, 11% Cr iron. In
this case, the hypoeutectic iron falls within the y (austenite)
field of Fig. 2.8, and austenite is the metallic phase that is
nucleated by the solid TiC particles. Microstructural refine-
ment was noted, but it is difficult to draw many conclusions
from an experimental program that consists of two irons, one
uninoculated and one inocul ated.

Other scientists (e.g., Liang and Su, 1991) have played
around with various additions of mischmetal (a combination
of rare earth elements with an emphasis on cerium) asinocu-
lants. Some modification was shown for a low-Cr near-
eutecticiron (4.2% C, 3.7% Cr—L 0O yFe+ M3C). However
little change was noted in a high-Cr hypoeutecticiron (3% C,
18% Cr—L O yFe+ MsC3).

Until now, inoculation research has centered on hypoeu-
tectic irons in which either ferrite or austenite nucleation is
enhanced by the presence of TiC particles. It isinteresting to
speculate asto whether or not eutectic or hypereutectic alloys
could be refined in a similar manner. However, as of this
writing, it is unsure as to how much benefit can be derived
from the grain refinement in AR cast irons.
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Chapter 3

Heat Treatment of AR Cast Irons

Castironisusually defined asanalloy of ironand carbonwith
a C content above 2 weight percent. Other alloying elements
can total about 6 wt.% in low-alloy irons and much higher in
more highly alloyed irons such as Ni-Hard 4 and high-Cr
white irons. All AR irons contain structures consisting of
eutectic carbides and one or two ferrous metallic phases.
White cast iron can exhibit a wide variety of properties,
depending on composition, phases and microconstituents
present, which canvary depending ontheheat treatment. Heat
treatment is performed to make castings very hard for maxi-
mum abrasion resi stance, or soft to makethem machinable. In
subsequent sections of this chapter, various types of heat
treatment are described for Ni-Cr and high-Cr whiteirons. In
thissection, anoutlineof the phasetransformationsassociated
with heat treating of cast ironswill be given.

Phase Transformation

In cast irons, metallic iron can exist in two alotropic or
crystalline forms: ferrite and austenite. In ferrite, the iron
atoms are arranged in a body-centered-cubic (BCC) crystal-
linelattice. In austenite, theiron atomsarearranged in aface-
centered-cubic (FCC) crystalline lattice. Furthermore, ferrite
has a very low solubility for C (<0.03%), whereas austenite
has a high solubility for C (>1%). Ferritic iron is the stable
phase at room temperature. Austeniticironisgenerally stable
at elevated temperatures, unless it has been made stable at
room temperature by elevated levels of C and/or aloying
elements such as Ni, Cr and Mn.

It is this characteristic of metallic iron that makes it
possible to heat treat castings to a high hardness. That is, the
iron can be heated to an elevated temperature to form an FCC
lattice, which dissolves large amounts of C. Then it can be
guenched (rapidly cooled) to room temperature where the
BCClatticeformsand carbon atomsarerejectedandformiron
carbide. Depending on the transformation temperature, the
distribution of iron carbide is more or less finely distributed
and the hardness and strength of the metallic matrix isvaried.

Equilibrium Diagrams

Thebasisfor understanding the heat treatment of castironsis
the iron-carbon phase diagram (Fig. 3.1). Because it is thor-
oughly explained in elementary textbooks, it will be treated
very briefly here. Figure 3.1 actually showstwo diagrams; the
stableiron-graphitediagram (dashedlines) and themetastable
iron-iron carbide diagram. The stable condition is amost
always deliberately avoided in AR cast irons; therefore, the

metastable diagram is of moreinterest. These diagrams show
which phasesareto be expected at equilibrium (or metastable
equilibrium) for any combination of C concentration and
temperature. Table 3.1 provides a summary of important
metallurgical phases and microconstituents.

At thelow-carbon end (left side of thediagraminFig. 3.1)
ferrite (alpha-iron/a-Fe) isfound (see Glossary for Deltaand
AlphaFerrite), which can, at most, dissolve 0.028 wt.% C. At
higher temperatures, austenite (gamma-iron/y-Fe) is found,
which can dissolve up to 2.1 wt.% C. At the C-rich side, we
find cementite (FesC). Of less interest, except for highly
alloyedirons, isthe delta-ferrite (8-F€) existing at the highest
temperatures. Between the single-phase fields are found re-
gionswith mixturesof two phases, such asferrite+ cementite,
austenite + cementite and ferrite + austenite. In heat treating
castirons, theliquid phaseisawaysavoided. Someimportant
boundaries at single-phase fields have been given special
names that facilitate the discussion. These include:

» A4, the so-called eutectoid temperature, which is the
minimum equilibrium temperature for austenite.

» Ag, the low-temperature boundary of the austenite re-
gion at low C content, that is, the y/y + a boundary.

* Acm the low temperature boundary of the austenite
region at high C contents, that is, the y/y + cementite
(FesC) boundary.

Relevant definitions of terms associated with phase trans-
formations of cast irons can be found in Table 3.1. The C
content at which the minimum austenite temperature is at-
tained is called the eutectoid C content (nominally 0.8% C).
The ferrite-cementite phase mixture of this composition,
formed during cooling, has acharacteristic appearance called
pearlite, and can be treated as a microstructural entity or
microconstituent. It is an aggregate of aternating ferrite and
cementite lamellae.

If alloying elementsare added to theiron-carbon aloy cast
iron, the positions of the A1, Az and Ay, boundaries and the
eutectoid composition are changed. The diagrams in Figs.
3.2a to 3.2c illustrate the effects of Cr, Mn and Si on the
austenite (gamma) phase field. The influence of Ni isreport-
edly similar to that of Mn. Diagrams introduced by Bain
(1939) (Fig. 3.3) show thevariation of A; temperatureandthe
eutectoid C content with increasing amounts of a selected
number of alloying elements. It suffices here to mention that
(1) all important aloying elements decrease the eutectoid C
content; (2) of the austenite-stabilizing elements, Mn and Ni
decrease the A; temperature; and (3) the ferrite-stabilizing
elements (Cr, Si, Mo and W) increase the A; temperature.
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Table 3.1
Summary of Important Phases and Microconstituents in AR Cast Irons

Phase Crystal Structure
(Microconstituent)  of Phases
a-Ferrite (a-iron) BCC (body-

(alpha-iron) centered-cubic)
o-Ferrite (d-iron) BCC
(delta-iron)
y-Austenite (y-iron) FCC (face-

(gamma-iron) centered-cubic)

Cementite (Fe3C) Complex-orthorhombic

Graphite Hexagonal
Pearlite Mixed/complex-
orthorhombic
Martensite BCT (body-centered-
tetragonal) (super-
saturated solution
of C in ferrite)
Bainite Mixed

Characteristics

Relatively soft low-temperature phase;
stable equilibrium phase.

Isomorphous with a-iron;
high-temperature phase;
stable equilibrium phase.

Relatively soft medium-temperature phase;
stable equilibrium phase.

Hard metastable phase.
Stable equilibrium phase

Metastable microconstituent;
lamellar mixture of ferrite and cementite

Hard metastable phase; lath
morphology when <0.6 wt% C;
plate morphology when >1.0 wt% C
and mixture of those in between.

Hard metastable microconstituent; non-
lamellar mixture of ferrite and cementite on
an extremely fine scale; upper bainite formed
at higher temperatures has a feathery
appearance; lower bainite formed at lower
temperatures has an acicular appearance.
Hardness of bainite increases with de-
creasing temperature of formation.

These classifications relate directly to the synergisms in
guench-hardening, as described later in Chapter 4, Alloying
for Hardenability. Modern thermodynamic calculations(i.e.,
Calphad or Thermocal c applications) allow accurate determi-
nations of these shifts that affect the driving force for phase
transformation. These methods also permit calculation of
completeternary and higher-order phase diagrams, including
alloy carbides.
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Fig. 3.2c. Influence of Si on the austenite phase field in Fe-Si-
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Heat Treatment of High-Alloy AR Cast Irons

Transformation Diagrams

The kinetics of phase transformation are as important as the
equilibrium phase relationships described in the previous
sectionfor theheat treatment of AR castirons. Themetastable
constituent, martensite, which is of utmost importance to the
properties of AR cast irons, can generally form by compara-
tively rapid cooling to ambient temperature, that is, when
transformationto pearlite and bainiteareavoided. Both pearl-
ite and bainite are products of the eutectoid decomposition of
austenite into a mixture of ferrite and cementite. Eutectoid
decomposition of austenite relies on the diffusion of carbon
and iron atoms into the growing ferrite and carbide phases.
Alloying elements slow diffusion and delay transformation.
Consequently, aloying additions are made to increase the
“hardenability” of an iron-carbon alloy.

Martensite, the hardest metallic constituent, forms from
austenite by a shear transformation during quenching. It's
hardness increases monotonically with C content up to about
0.7 wt.%. If martensiteissubsequently heated toamoderately
elevated temperature, it decomposes to tempered martensite,
whichhasamorestabledistribution of ferriteand carbide. The
re-heating process is known as tempering or drawing.

Transformation can beillustrated with two different types
of commonly-used transformation diagrams. These include
isothermal transformation diagrams and continuous-cooling
transformation diagrams.

41



Isothermal transformation (IT) diagrams, also referred to
astime-temperature-transformation (TTT) diagrams, describe
the decomposition of austenite at constant temperatures oc-
curring below the A; temperature. An example of an IT
diagram for Ni-Hard 1 is shown in Fig. 3.4a. Here, it can be
seenthat at 550C, pearlitetransformationisdelayed 10 hours.

Continuous cooling transformation (CCT) diagrams de-
scribe the decomposition of austenite on continuous cooling
from the austenite phase field to room temperature. An ex-
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ampleof aCCT diagram for Ni-Hard 1isshowninFig. 3.4b.
Here, it can be seen that pearlite transformation is delayed
about 4 hours. Continued discussion of the kinetics of phase
transformation, the use of transformation diagrams and the
selection of alloying elements for hardenability will be pre-
sented in Chapter 4, Alloying for Hardenability.

Nickel-Chromium
(Ni-Hard 1 and 2) White Irons

The optimum matrix microstructures for Ni-Hard 1 and Ni-
Hard 2 (ASTM A 532 Grades| A—I C) are most often achieved
in the as-cast condition. Oftentimes, the only heat treatment
required istempering (or doubletempering) toimproveresis-
tance to impact loading. The high aloy content affords ad-
equate hardenability to avoid pearlite or bainitein al but the
thickest cast sections (see Chapter 4, Alloying for
Hardenability, for further discussion on thistopic).

As-Cast Microstructure

Thenickel content must beadjustedintherangeof 3.3t04.5%
to provide the “as-cast” hardenability of Ni-Cr aloys. The
diagramin Fig. 3.5illustratestheinfluence of Ni on hardness
in various cast sections. With too little Ni, the hardness falls
off in larger cast sections due to partial transformation to
pearlite. Withtoo much Ni, thehardnessfallsoff inlighter cast
sections due to undue suppression of the martensite transfor-
mation temperature range and an accompanying increase in
retained austenite. Furthermore, with increasing Ni content
and section size, increased levels of Cr arerequired to inhibit
graphitization. Table 3.2 lists the recommended Ni and Cr
contentsfor varying cast section sizesand molding mediums.

Generally, the high alloy content of the Ni-Cr whiteirons
causes the as-cast structures to have relatively high retained
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Fig. 3.4b. Continuous-cooling transformation (CCT) diagram
for Ni-Hard Type 1: A = austenite; B = bainite; C = carbide; P =
pearlite; F = ferrite; Ms = martensite start.
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austenite contents. The elements Ni and Mn tend to lower the
martensite start temperatureand increasethelevel of retained
austenite in the as-cast structure. On the other hand, Si tends
to raise the martensite start temperature and increase the
amount of martensite. Asaresult, the as-cast hardness of the
Types |A-IC Ni-Cr white irons can range from 450 to over
700 HB, depending on composition and section size. While
high hardness and low retained austenite are most often
desired, somehavesuggested that excessive hardnesscanlead
to cracking and/or breakage due to low toughness. In those
instances, the composition can be adjusted to produce higher
retained austenite content (and lower hardness), but temper-
ing may be the best approach.

Regarding anincreasein retained austenite, Mnisactually
moreinfluential than Ni. While both elements depressthe Mg
temperature, Ni raises C activity, lowersthe solubility of Cin
austeniteand, therefore, haslessinfluenceinlowering the Mg
temperature.

Siliconhasanequally largeinfluenceonretained austenite.
It significantly increases C activity and hasavery weak effect
in depressing the M temperature. Consequently, Si strongly
reduces the C solubility in austenite and thus raises the Mg
temperature and, consequently, the as-cast hardness.
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Fig. 3.5. Hardness of as-cast Ni-Hard 1 in various cast
sections as a function of Ni content.

Table 3.2
Guidelines for Ni and Cr Contents of Ni-Hard 1 and Ni-Hard 2
as a Function of Section Size

Ni-Hard 1 Ni-Hard 2

Section Sandcast Chillcast Sandcast Chillcast
Size (mm) | %Ni  %Cr %Ni %Cr %Ni  %Cr  %Ni  %Cr

<12 38 16 33 15 40 15 35 14
12-25 40 18 36 17 42 17 38 15
25-50 42 20 39 19 44 18 41 16
50-75 44 22 42 21 46 20 44 18
75-100 46 24 45 23 48 22 47 20
>100 48 26 48 25 50 24 50 22

Heat Treatment of High-Alloy AR Cast Irons

Recommended Heat Treatments

Ni-Hard was originally intended to be put into servicein the
as-cast condition. Nowadays, however, amost all castingsare
heat treated. There are three basic heat treatments that are
applied to Ni-Cr/Ni-Hard iron castings.

1. Tempering—Tempering in the range 225-275C (437—
527F) (single-stagetempering). Tempering at low tem-
peratures makes martensite less brittle and improves
toughness. Someimprovement inresistanceto repeated
impact fatigue has also been ascribed to single-stage
tempering.

2. Double Tempering—Double tempering, first at 450C
(842F) followed by air-cooling and tempering at 275C
(527F). This two-stage tempering reportedly reduces
hardness somewhat, but substantially increases resis-
tance to repeated impact fatigue.

3. Quenching and Tempering—Full heat treatment above
the critical temperature in the range 750-850C (1382—
1562F), followed by slow cooling and |ow-temperature
tempering, can maximize hardness and abrasion resis-
tance.

Most castingsof Ni-Hard 1 and 2 are given single-stage or
two-stage heat treatments, while most Ni-Hard 4 isgiven full
guench-and-temper heat treatment. For the more complex
castings, where heat treatment might producetoo much added
stress, refrigeration treatments to as low as —196C (—320F)
(liquid nitrogen) are applied to further transform existing
austenite to martensite, thus increasing the hardness.

In addition to tempering, the Ni-Cr (Ni-Hard) castings can
begivenadditional treatmentsto alter their microstructureand
improve certain properties. These treatments will be dis-
cussed briefly in the next few paragraphs asthey relateto the
Ni-Cr (Ni-Hard 1 and Ni-Hard 2) castings.

A more comprehensive explanation of subcritical heat
treatment, refrigeration treatment and stress relief will be
given in the section on high-Cr and Cr-Mo alloys.

High-Temperature Heat Treatment

Hardening of Class | Type D, Ni-Hard 4 iron castings is
performed by supercritical heat treatment when as-cast hard-
ness is insufficient. An austenitizing heat treatment usually
comprises heating at temperatures between 750 and 790C
(1382 and 1454F) with asoak time of 8 hours. Air or furnace
cooling, not over 30°C/hr (50°F/hr), isconducted followed by
atempering/stress-relief heat treatment. Currently, refrigera-
tion heat treatment, followed by tempering, is the more
commonly practiced method for increasing the hardness (re-
ducing retained austenite).

Refrigeration Treatment

To achieve a hardness of 550 HB, it is necessary that the
as-cast austenite-martensite microstructure have at | east 60%
martensite present. When martensite content is increased to
80-90%, however, hardness values exceed 650 HB. To re-
ducethe amount of retained austenite (form more martensite)
deep-freeze treatments are commonly applied. Refrigeration
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to temperatures between —70 and —180C (—94 and —292F) for
1/2to 1 hour will usually raise the hardnesslevel by 100 HB
units. A subsequent tempering heat treatment usually follows,
and is recommended. The typical before-and-after refriger-
ated Ni-Cr iron microstructures are shown in Figs. 3.6a and
3.6b.

Tempering Treatment

All Ni-Cr white iron castings are given a tempering heat
treatment because, properly made, they have a martensitic
matrix structure, as cast. Tempering is performed between
205 and 260C (400 and 500F) for at least 4 hours. Thistempers
the martensite, relieves some of the transformation stresses

. L]
i

(3.6b) after refrigeration

Fig. 3.6. Microstructure Ni-Hard 1 alloy, before and after
refrigeration.

a4

and increases the strength and impact toughness by 50-80%.
Some additional martensite may form on cooling from the
tempering temperature. This heat treatment does not reduce
hardness or abrasion resistance.

Subcritical Heat Treatment

Destahilization of austenitein Ni-Cr, Ni-Hard 1 and 2 aloys
(ASTM A 532 Class |A and IB) at subcritical temperatures
wassuggested by Roteet al. (1951) and confirmed by Tomovic
etal. (1988). Subcritical heat treatment isperformedinthebay
betweenthepearliteand bainitetransformationregions. When
held at temperatures between 425 and 475C (797 and 887F),
a predominantly austenitic matrix structure destabilizes, by
carbide precipitation, such that thedepletion of dissolved Cin
the austenite raises the Mg temperature and, upon cooling, it
transformsto amore fully martensitic microstructure of quite
high hardness. The amount of time at temperature to reach
maximum hardness (destabilization) was determined for one
alloy to be from 10 to 20 hours (see Figs. 3.7aand 3.7b).

Subcritical heat treatment of Ni-Hard 1 and 2 alloysis not
commonplace. It is reportedly used in the processing of as-
cast, permanent-mold, grinding balls, where high levels of
austenite are retained as aresult of rapid (air) cooling from
high temperatures.
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High-Chromium and
Chromium-Molybdenum White Irons

As-Cast Microstructure

To a large extent, the metal matrix in high-Cr irons has
characteristics of tool steel. It can be made less brittle to
increase tolerance to impact loading, or hardened to reduce
wear, though generally at the expense of toughness. Matrix
structures can be pearlite, austenite or martensite, or some
combination of these.

Aswith steels, maximum abrasion resistance is achieved
with a fully martensitic matrix structure. As-cast austenitic
irons, though relatively soft (500-600 HB), can give satisfac-
tory performance in many abrasive wear applications due to
pronounced work hardeningin service. Pearlitic matrix struc-
tureshave modest abrasion resistance and | ow toughnessand,
therefore, are not generally desirable. Pearlite will always
occur when aloying is insufficient to inhibit its formation.
Lack of hardenability isamajor cause of premature failure.

Inintermediate Cr irons (ASTM A 532 Class 1), most of
the Cr is tied up in the Cr carbides and, therefore, other
alloying elements are ailmost always needed to provide ad-
equate hardenability. In higher Crirons (ASTM A 532 Class
[11), more Cr remainsdissolvedinthe metallic matrix and less
alloying isrequired for hardenability.

Resistanceto crack propagationisgreatest inironshaving
afully austenitic matrix. Under conditionsof repeatedimpact,
however, martensitic irons, which have been tempered to
minimize retained austenite, have the maximum resistanceto
spalling (surface cracking or flaking).

As-Cast Austenitic White Irons

Solidificationin the hypoeutectic alloys occurs by the forma-
tion of austenite dendrites followed by the eutectic formation
of austenite and M7C3 Cr carbides. Under equilibrium condi-
tions, additional Cr carbidewill precipitatefrom the austenite
matrix on cooling from the eutectic to thecritical temperature
of about 760C (1400F); transformation to ferrite and carbide
occurson subsequent cooling. However, when cooling occurs
under nonequilibrium conditions (such as encountered in
most commercial castings), precipitation at Cr carbide is
suppressed and the austenite becomes supersaturated in car-
bon and chromium.

Dueto elevated C and Cr contents, ametastable austenitic
structure normally develops, provided pearlitic and bainitic
transformations have been inhibited (Fig. 3.8). With suffi-
cient alloying with Mo, Mn, Ni and Cu, pearlitic transforma-
tion can be avoided in any section thickness.

As-Cast Martensitic White I rons

Partially martensitic structures can be obtained, as cast, in
heavy-section castings that are allowed to cool slowly in the
mold. With slow cooling rates, some austenite destabilization
occursand partial transformationto martensitewill result. But
in these castings, martensite is mixed with large amounts of
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retained austenite (Fig. 3.9); therefore, hardness levels are
lower than can be achieved in heat-treated martensitic cast-
ings. These castings must contain sufficient alloy to suppress
pearlite on cooling. Some higher Si compositions have been
developed to assist further martensite formation by refrigera-
tion treatments. Subcritical annealing has been employed to
reduce austenite content and, at the same time, increase
hardness and toughness of partially martensitic-austenitic
castings, such asrolling mill rolls.

Fig. 3.8. As-cast microstructure of high-Cr iron with an
austenitic matrix.

Fig. 3.9. As-cast austenitic-martensitic microstructure in high-
Cr white iron.
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(High-Cr and Cr-Mo White Irons, continued)

As-Cast Pearlitic White Irons

For castingsthat will be heat treated, the desired mold-cooled
structure is often pearlitic. This softer structure will facilitate
removal of gatesand risersand minimizethetransformational
and thermal stresses that cause cracking or spalling. The
pearlitic structure will also shorten the response to heat
treatment. To obtain maximum hardness and abrasion resis-
tance, martensitic matrix structures must be produced by full
heat treatment. Therefore, the casting must contain sufficient
alloy to avoid pearlite formation on cooling from the heat
treatment temperature.

Careful design of alloy composition will assure that a
substantially pearlitic (softer) structure developsin the cast-
ing after mold-cooling, but will provide enough hardenability
to prevent pearlite formation during subsequent heat treat-
ment. Heavy-section castings made pearlitic by such a“lean-
alloy” approach, can oftentimes be removed from the mold
without danger of cracking, once the castings have reached
black heat.

Heat-Treated Martensitic White Irons

Maximum hardness, abrasion resistance and resistance to
spallingaregenerally achievedinfully martensitic structures.
As-cast martensitic structuresgenerally contain plate marten-
siteand significant quantities of retained austenite, and do not
display the maximum hardness and toughness attainable in
high-Cr iron castings. A uniform distribution of lath marten-
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Fig. 3.10. Isothermal transformation diagrams for high-Cr
white iron containing 2.5%C-20%Cr-1%Mo; a) before and b)
after austenite destabilization: A = austenite; C = carbide; P =
pearlite; F = ferrite; Ms = martensite start; Cs = secondary
carbide.
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site givesthe best properties and is only obtained by full heat
treatment. (See Chapter 6, Quality Control, Inspection and
Specifying, for examples of plate and lath martensite struc-
tures) In many applications, only a minimal amount (10%
max) of retained austenite is tolerable and, yet, the high-Cr
iron aloys are quite prone to having significant quantities
(>30%) of retained austenite after heat treatment. For many
applications, further reduction of austenite is required.

Destabilization of Austenite

As cast, the metallic matrix of a high-Cr iron is largely
austenitic and will contain an excess of dissolved C; the
austenite matrix is stabilized by its high C and Cr contents.
The principal role of heat treatment is to destabilize the
austenite by reducing the C content via precipitation of sec-
ondary carbides. Carbide precipitation depletes the austenite
of excess C and rai sesthe martensite transformation tempera-
ture range to above room temperature. The heat treatment of
commercia high-Cr white iron castings is commonly per-
formedinthetemperaturerange 930to 1060C (1700—1940F).

When high-Cr irons are heated to the austenitizing tem-
perature, they must be held at that temperaturefor asignificant
length of timeto allow for the precipitation of carbides(M+Cs
Cr-carbides). The time required to reach equilibrium varies
with austenitizing temperature. The carbide precipitation re-
action has been investigated by Maratray (1970) for many
austenitic high-Cr iron alloys and a typica transformation
diagramisshown in Fig. 3.10. The transformation behavior,
like other diffusion-controlled transformations, displays a
“C" curvewith the nose of the curve occurring around 1000C
(1832F). At higher or lower temperatures, somewhat longer
timesarerequiredto reach equilibrium (full austenite destabi-
lization).

Carbide precipitation occursin areasonabl elength of time
at temperatures above 930C (1706F). For instance, at 1010C
(1850F) a holding time of two hours is adequate, whereas at
927C (1700F) aholdingtimeof at least eight hoursisrequired.
At lower temperatures, the precipitation and rate of growth of
the Cr-carbides are very sluggish dueto therather low rate of
diffusion of Cr to the growing carbides.
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Fig. 3.11. Effect of solution treatment time and initial matrix
structure on the amount of retained austenite upon cooling to
room temperature.
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Austenitizing Time

The carbide precipitation reaction at the austenitizing (desta-
bilization) temperature is necessary for a successful hest
treatment. For proper control of hardness, the rejection of
carbon, by carbide precipitation, must reach equilibrium.
Otherwise, each set of castings processed through the heat-
treatment cycle will have less than optimum hardness and
wear resistance. Production castings are generally in one of
two conditionsprior to heat treatment; (1) as-cast austenitic or
austenitic-martensiticor (2) largely pearlitic. Maratray (1982)
has shown that castings that are initially pearlitic reach an
equilibrium carbon content very rapidly, relativeto austenitic
structures. This is shown in Fig. 3.11 where the retained
austenite content on cooling after cooling remains almost
constant for the initially pearlitic matrix structure, whereas
the austenitic sample required over 100 minutes to reach
equilibrium.

Maratray (1982) reported that, in commercial practice,
“heavy-section pearlitic castings (still) require over one hour
at the solution temperature, probably dueto the large amount
of C precipitated as secondary carbides during the initial
cooling of the castings. Castings that are largely austenitic
require a holding time of at least two hours to attain equilib-
rium C content and even longer times are required if the
casting is heavily segregated or has been heat treated at
extremely high homogenization temperatures prior to solu-
tion heat treatment.”

Austenitizing Temperature

Alloy composition can readily be designed to develop hard
martensitic microstructures on air cooling. However, the as-
guenched hardness is strongly affected by the hardening
(austenitizing) temperature used and is directly related to the
iron composition. Therefore, it must be optimized for each
alloy. The amount of carbon dissolved in the austenite is
controlled by the austenitizing temperature—carbon solubil-
ity increases with austenitizing temperature.

Although higher C content produces martensite having
higher hardness, a high carbon content, along with the high
alloy content of these irons, is sufficient to depress the
martensitetransformation rangeto below room tem-perature.
Consequently, hardnesswill increase with austenitizing tem-
peratureuptoapoint; but withfurtherincreasesinaustenitizing
temperature, hardness falls off due to the depression of the
martensite temperature range and the accompanying increase
inretained austenite content. ThegraphinFig. 3.12illustrates
the effect of austenitizing temperature on martensite hard-
ness, austenite content and their effects on overall hardness.
Maximum hardnessis generally achieved when retained aus-
teniteisin the vicinity of 20% (Fig. 3.12).

Because of this sensitivity to austenitizing temperature,
furnaces that produce accurate and uniform temperatures are
most desirable. Thesuccessful heat treatment producesauste-
nite destabilization by precipitation of fine, secondary M-Cs
carbides, which arevisiblein the hardened martensitic micro-
structure (see Fig. 3.13).
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Other influences on hardening temperatures are Cr con-
tent, Cr-C interaction, alloying elements and cooling rate.

Influenceof Cr Content—Chromium content hasasignificant
influence on the optimum hardening temperature. Thebulk Cr
content of the alloy has a direct effect on the amount of Cr
dissolved in the metallic phase. In general, the 25-28% Cr
alloys (Class 11 irons) have significantly more Cr dissolved
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Fig. 3.12. Typical relationship between solution temperature,
retained austenite content and hardness after quenching.

Fig. 3.13. Microstructure of heat treated (destabilized)
martensitic high-Cr iron, illustrating fine, secondary M;C3
carbides in a martensite matrix.
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(High-Cr and Cr-Mo White Irons, continued)

in the austenite phase than do the 15% Cr aloys (Class Il
irons). The differences in Cr content, have an effect on the
solubility of C in austenite. This effect is illustrated in the
isothermal section of the Fe-Cr-C phase diagram (Fig. 3.14).

Figure 3.14 showsthreeisothermal sections superimposed
ononeanother andthey cover thetypical rangeof austenitizing
temperatures employed in heat treating high-Cr white irons.
The feature of interest is the boundary line separating the
austenite phase field from the austenite + MCz phase field.
This boundary describes the solubility of C in austenite at
equilibrium. It is seen that for a given temperature, the
solubility of C in austenite decreases with increasing Cr
content. Likewise, for agiven Cr content, the solubility of C
increases with temperature.

Consequently, asCr contentincreases, ahigher austenitizing
temperature is required to achieve the same C content in the
austenite. Therefore, as Cr content increases, the optimum
hardening temperature increases (Fig. 3.15).
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Fig. 3.14. Isothermal sections of the Fe-Cr-C system.
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Fig. 3.15. Influence of Cr on the optimum hardening tempera-
ture in high-Cr white irons.
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Chromium also has a significant influence on the maxi-
mum hardness of the hardened alloy because Cr affects the
martensite start (M) temperature. With increasing Cr, the Mg
temperatureis depressed and austenite becomes more stable.
Consequently, at maximum hardness, the optimum balance
between martensite and austenite occurs at alower dissolved
C content and the maximum hardnessis reduced. This effect
isaso shown schematically in Fig. 3.15.

Classl| ironscontaining 12—20% Cr are austenitized inthe
temperature range 950-1010C (1742-1850F). Class|11 irons
containing 23-28% Cr are austenitized in the temperature
range 1010-1090C (1850-1994F).

Influence of Cr-C Interaction—Carbon strongly influences
thelevel of Crdissolvedinthemetallic phase. Asthe C content
is raised, the amount of Cr consumed by the formation of
eutectic carbidesincreases and the amount of Cr remainingin
solutioninthemetallic phaseisreduced. Theuseof Cr:Cratio
has been used as atool to simplify our understanding of the
effects of Cr and C in the aloy. In general, as the ratio of
%Cr:%C in the alloy increases, Cr in the metallic phase
increases and, likewise, the optimum hardening temperature
increases.

Influence of Alloying Elements—Like Cr, the aloying ele-
ments that are added to high-Cr white ironsfor hardenability
also influence the optimum hardening temperature. Most
alloyingelements, including Mo, Mn, Ni and Cu, lower theMg
temperature and tend to stabilize austenite. They also havean
effect on C activity and, thereby, influencethe C solubility in
austenite. Consequently, they are expected to modify the
optimum austenitizing temperature.

Maratray (1982) eval uated theinfluence of commonalloy-
ing elements on retained austenite and showed that they are
equally asinfluential as Cr content. He showed that M n shifts
the optimum hardening temperature to lower temperatures.
He determined that the temperature to produce 50% austenite
+ 50% martensite on quenching to room temperatureis 65°C
lower with an addition of 3% Mnto a 1.6% C-16% Cr alloy
(Fig. 3.16).
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Fig. 3.16. Reduction in solution temperature (AT) to obtain
50% retained austenite on quenching, caused by an increment
of 3% Mn in a 1.6%C-16%Cr alloy.
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Maratray (1982) reported on the shift in austenitizing
temperature to produce an as-quenched microstructure of
20% austenite+ 80% martensitefor thealloying elementsMn,
Ni, Mo and Si. The effects are shown in Table 3.3, which
indicates the shift in austenitizing temperature for each 1%
addition of theelement. Manganese and nickel wereshownto
lower the optimum austenitizing temperature, while Mo and
silicon rai sed the optimum austenitizing temperature. Silicon
had, by far, thelargest influence on austenitizing temperature.
Silicon has a minimal effect on Mg temperature, but a major
effect onreducing C solubility. Thisiswhy itisso effectivein
increasing the hardness (martensite content) of as-cast mar-
tensitic grades of high-alloy white irons.

Influence of Cooling Rate—Upon cooling from the
austenitizingtemperatureto 700C (1292F), additional carbide
precipitation can occur, particularly in massive slow-cooling
sections. Carbide precipitation during cooling from the
austenitizing temperature causes further depletion of Cinthe
austenite matrix, arisein the Mstemperature and areduction
in hardness of the as-cooled martensitic structure. Theinflu-
ence of cooling rate on reduction of dissolved C content is
demonstrated by the reduction of retained austenite observed
in sampl es quenched from various austenitizing temperatures
and at various rates ranging from that of 10-mm to 500-mm
diameter bars (Fig. 3.17). Note that at slower cooling rates
(heavy sections), theinfluence of austenitizing temperatureis
less significant. The influence of cooling rate and quenching
temperature in typical Ni-Hard 4 and high-Cr white iron
aloysisillustrated in Figs. 3.18aand 3.18b, respectively.

The results in Fig. 3.18 show that austenite stability (re-
tained austenite) is reduced with decreasing cooling rate
above 700C (1292F); however, therearecircumstanceswhere
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Fig. 3.17. Effect of cooling rate, indicated by section thickness
and the solution treatment temperature on the retained
austenite after cooling to ambient temperature of Alloy 25,
containing 2.6C, 16Cr, 1.6Mo, 1.2Mn and 1.2Ni.
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Table 3.3
Influence of Alloying Elements on
Austenitizing Temperature to Produce 20% and 50% Austenite
in an Austenite + Martensite Structure

Element Increase % T 50%y (20%y)
(M) Element (M) (°C) AT | A%M
Mn 1.94 -64 —33 (-35)

Ni 1.80 -38 -21 (-22)

Cr 14.25 22 1.6 (1.2)

Cr 13.30 16 1.2(2.5)

Mo 1.85 24 13 (43)

Si 1.23 42 34 (79)

M = element specified

Values in parentheses represent the influence of alloying
elements when obtaining 20% austenite + 80% martensite.

austenitewill becomestabilizedwithlow coolingratesthrough
the martensitic transformation region. Maratray (1982) has
shown that, with particularly low cooling rates, as-quenched
hardness decreases due to increased retained austenite (Fig.
3.19). Many years ago, the phenomenon of austenite stability
in Cr-alloyed steelswasdemonstrated by L yman and Troiano
(1946). In interrupted quenching experiments, they showed
that austenite stabilization occurs with extended holding just
above or below the Mstemperaturein steels containing 3-9%
Cr. Unpublished research on high-Cr whiteironsby theauthor
hasconfirmedthat austenitestability occurswithslow cooling
below about 430C (800F).
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Fig. 3.18. Influence of cooling rate on retained austenite
content for (a) Ni-Hard 4, and (b) 16% Cr white iron, when
cooled from various austenitizing temperatures. (After
Maratray & Poulalion, 1982)
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Fig. 3.19. Effect of cooling rate through the martensite
transformation temperature region on room-temperature
hardness for a high-Cr iron containing 1.7%C-16%Cr-3%Mo
and 1% Mn and having an Ms temperature of 235C (455F).
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(High-Cr and Cr-Mo White Irons, continued)

Recommended Heat Treatments

Subcritical Heat Treatment (Tempering)

Castings can be put in service in the as-hardened condition
without further tempering or subcritical treatments; however,
the microstructure, after hardening, usually contains signifi-
cant level s of retained austenite, which experience has shown
to be a source of failure from spalling. Low temperature
tempering at around 205C (400F) is much too low for trans-
forming retained austenite; therefore, much higher tempera-
turesintherange 450-600C (842—1112F) have been adopted.
These treatments, referred to as subcritical treatments, pro-
vide an opportunity to eliminate retained austenite. In some
instances, asignificant increasein hardnessis also observed.

Subcritical heat treatment (tempering) is sometimes per-
formed, particularly inlarge heat-treated martensitic castings,
to reduceretained austenite content and increase resistance to
spalling. The tempering parameters necessary to eliminate
retained austenite are very sensitive to time and temperature,
and vary depending on the casting’s composition and prior
thermal history. Excesstime or temperature resultsin soften-
ing and adrastic reductionin abrasion resistance. | nsufficient
tempering resultsin incomplete elimination of austenite. The
amount of retained austenite present cannot be determined
metallographically; those experienced with this heat-treat-
ment practice have developed techniques, using specialized
magnetic instruments, to determine the level of retained
austenite after tempering.

Studieshave shown that chemical composition, subcritical
treatment temperature and time and variations in the prior
hardening treatment influence the response to subcritical
treatment, as the work by Maratray (1977) demonstrates.
Also, subcritical treatments can increase hardness and reduce
retained austenite in as-cast high-Cr irons produced in thick
sections. About the same temperatures used for the heat-
treated ironsare utilized in the subcritical treatment of as-cast
irons; the available data indicate that much longer holding
times are required.

Maratray and Poulaion (1977) have proposed that there
are basically three types of reactions that may take place on
subcritical heat treatment of austenite. The reaction that
always occurs first is the precipitation of carbide from the
austenite. When adequately controlled, thiscarbide precipita-
tion resultsin austenite destabilization and subsequent trans-
formation to martensite on cooling to room temperature. The
other two reactions proposed are: eutectoid decomposition of
austenite to ferrite and an alloy carbide; or transformation to
pearlite. Experience with a variety of alloys indicates that
these reactions occur in the temperature range 480-650C
(896-1202F).

Thermodynamic data on the heats of formation of the
various Cr carbidesthat can form indicate that M ,3Cg carbide
is much more stable than M;Cs carbide in this temperature
range. Biss (1981) has determined that subcritical heat treat-
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ment of an as-cast alloy at 625C (1160F) produced astructure
of ferrite and fibrous carbides of the M,3Cg type, as shownin
Fig. 3.20. He aso found fresh martensite but no evidence of
carbide precipitation within the remaining austenite.

It appearsthat theretai ned austeniteinhigh-Crironscan be
divided into two types. austenite that will decompose at
temperatures around 500C (932F) or austenite that must be
heated to approximately 600C (1112F) before any significant
decomposition occurs. Alloys subcritically heat treated at
around 600C (1112F) will transform to pearlite, whereas
those treated around 500C (932F) will not. The austenite that
responds to heat treatment at around 500C (932F) has a high
Cr:Cratioandarelatively low C content which, it would seem,
favors the precipitation of the higher order M»3Cg carbide.
This precipitation results in austenite destabilization and
subsequently results in martensite formation on cooling.

Austenites of higher Cr content and lower C content favor
formation of higher-order carbides. When the austenite com-
position does not favor formation of these higher-order car-
bides, longer time at temperature does not seem to have any
effect, ashasbeen observedinas-cast irons, ironshaving high
retained austenite, high dissolved C content, and low Mg
temperatures. As-cast 2.9% C-17.5% Cr aloys having been
varioudly alloyed and containing well over 50% austenite
were tempered 20 hours at 540C (1004F) with little or no
visiblechangeinstructureand hardness. Y et, at 625C (1157F)
they readily transformed to a mixed structure of pearlite plus
fibrous carbides in ferrite. This structure is characteristic of
the microstructures desired when producing hard pearlitic
rolls, such as are used in hot-rolling applications where
structural stability at elevated temperatures is needed.

Fig. 3.20. TEM micrograph illustrating fibrous carbides in
ferrite in a high-Cr white iron containing 2.9% C-17% Cr-1.4%
Mo-1.1% Ni, which was as-cast + subcritically heat treated for
two hours at 625C (1160F). (After Biss, 1981)
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When the composition and retained austenite levels are
such that the alloy responds to heat treatment in the 500C
(932F) temperature range, the austenite can be destabilized.
With sufficient carbide precipitation during subcritical heat-
ing, the Mg temperature of the remaining austenite will be
rai sed sufficiently and theaustenitewill subsequently convert
to martensite on cooling to room temperature. In general, as
theamount of retained austeniteincreases (reflecting ahigher
dissolved C content in the austenite), higher tempering tem-
peratures are required to ensure its transformation, either
during tempering or on subsequent cooling. Tempering onthe
low side of thistemperature range minimizestempering of the
primary martensite and thereby produces ahigher final hard-
ness, asshowninFig. 3.21. Notethat small changesintimeor
temperature can drastically alter the heat treatment response.
Furthermore, subcritical heat treatments do not usually pro-
duce an increase in hardness.

It appears that the volume of retained austenitein theiron
casting is the best practical indication of the transformation
characteristicsof theremaining austenite. Thisisillustratedin
Fig. 3.22, for aniron alloy that has been austenitized at three
temperaturesto produce 7, 60 and 100% austenite on quench-
ing. In conditions with substantial retained austenite content,
a significant increase in hardness occurred, whereas no sig-
nificant changein hardnessoccurredinthealloy withonly 7%
austenite—other than martensite tempering. When it is pos-
sibleto determinethevolume of retained austenite, itisuseful
for predicting the appropriate subcritical heat treatment pa-
rametersfor the casting (Fig. 3.23). Intypical iron castings, a
highlevel of retained austeniteindicatesthat ahigh tempering
temperature (near 600C or 1112F) isrequired for transforma-
tion of the austenite on tempering, but the austenite will
transform largely at temperature, rather than on subsequent
cooling. At lower levels of austenite, lower temperatures
should be employed, and austenite transformation will occur
on cooling.

Refrigeration Treatment

Toachievehigh hardnessand wear resistancein high-Crirons
without heat treatment, some have used refrigeration treat-
ments. With as-cast irons having high retained austenite
levels, it is possible to convert austenite to martensite with
refrigeration. There are patented alloys specifically designed
for thisapproach. Naturally, thealloys must have microstruc-
tures essentialy free of pearlite in the as-cast condition to
achieve maximum benefit from refrigeration treatments. Sub-
sequent tempering is recommended to make the martensite
less brittle and to increase toughness.

When large amounts of retained austenite are present
(reflecting a very low Mg temperature), the alloys are more
resistant to further martensitic transformation upon refrigera-
tionand|esshardnessimprovement canbeexpected. Maratray
(1982) has shown that response to refrigeration is related to
the stahility of the austenite phase. Thiseffectisillustratedin
Fig. 3.24, where a series of samples were prepared having a
range of Mg temperatures. As the Mg temperature of the
alloy decreased, there was a disproportionate increase in the
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Fig. 3.21. Influence of subcritical tempering temperature on
the maximum final hardness of an iron containing 1.6%C-16%
Cr-3%Mo, which had been austenitized and quenched from
1000C (1830F) and had a hardness of around 840 HV prior to
tempering.
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Fig. 3.22. Relationship between tempering temperature and
retained austenite content in a high-Cr iron containing 1.3%C-
17%Cr-0.9%Mn.
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(High-Cr and Cr-Mo White Irons, continued)

amount of austenite remaining after refrigeration. The data
alsoindicatedthat refrigerationwasonly effectiveat tempera-
tures down to —100C (—148F). Below this temperature, no
significant additional transformation islikely.

Refrigeration is commonly performed using liquid nitro-
gen. Inthe heat treatment of any white cast iron, care must be
taken to avoid cracking by thermal shock. Cracking is less
likely tooccur duringrefrigerationwhen castingsaresprinkled
with liquid nitrogen, rather than immersed. Most practices
leak liquid nitrogeninto thechamber holding the castings, and
coolingisgenerally accomplished by conduction of heat tothe
cold nitrogen gas. Thetime at temperatureisnot very critical,
other than to assure the castings reach the desired control
temperature. Soak timesat temperature aretypically one-half
hour.

Annealing Treatment

Castings can be annealed to make them more machinable,
either by subcritical annealing or a full anneal. Subcritical
annealing is accomplished by pearlitizing, via soaking in the
narrow range between 690 and 705C (1274 and 1301F) for an
extended time (depending onthealloy). Subcritical annealing
will producehardnessintherange400to 450 HB. Alloyswith
extreme hardenability will not respond well to subcritical
annealing, taking many hours or even days.

Improved machinability can be achieved with full anneal-
ing, whereby castings are heated in the range 955 to 1010C
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Fig. 3.24. Relationship between initial C content of austenite,
indicated by Ms temperature, and retained austenite content
after cooling from the solution treatment to ambient temper-
ature, apparent Mg temperature, and —196C for a Ni-Hard 4 alloy.
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(1750 to 1850F) followed by slow cooling to 760C (1400F),
or just below the A; temperature and holding at thistempera-
ture for 10-50 hours, depending on composition, to ensure
complete transformation to ferrite and carbides.

Softening can also be achieved by combining subcritical
and supercritical heat treatment. That is, by subcritical heat
treatment below the A; temperatureto pearlitizethestructure,
followed by heating just abovethe A, temperature, then slow
cooling through the A; temperature to reform pearlite.

Annealing doesnot affect the shape of theeutectic carbides
or thepotential for subsequent hardening. Theguidelinesused
for hardening as-cast castingsal so apply to annealed castings.

Stress-Relief Treatment

The practical meaning of toughness for an AR whiteiron is
survival without breakage in a particular application. The
conditionsresulting in fracture can befrom single or repeated
impact, or from static or dynamic bending stresses. Here, the
inherent low ductility of the iron is often overridden by the
presence of internal or residual stresses dueto shape and heat
treatment of the casting. So, theintegrity of the casting andthe
care and control used in heat treatment are decisive factorsin
service performance. High residual stresses generated by
either steep temperature gradientsin cooling, or by differen-
tia transformation in various sections of the casting while
cooling through the martensitic transformation range can
detract from the apparent ductility and strength of the casting
in service.

Very littleinformation isavailable on the amount of stress
relief that occurs with tempering. The predominant stresses
present in heat-treated castings develop as a result of the
volume change accompanying the austenite-to-martensite
transformation. Low-temperature tempering, in the range of
20510 235C (401 to 455F), isparticularly desirable because a
substantial improvement (20%) in fracture toughness occurs
when tempering the martensite phase. Tempering at tempera-
tures sufficient to significantly relieve stresses, i.e., above

1950F (1070C)
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Fig. 3.25. Heat-treatment schedule for supercritical heat
treatment of Ni-Hard 4 and the high-Cr white cast irons.
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565C (1050F), can substantially reduce abrasion resistance.
Therefore, itismuch moredesirableto minimizethe devel op-
ment of cooling stresses and transformational stresses via
slow cooling from 482C (900F) to ambient temperature. This
is accomplished by slow, controlled cooling to minimize
temperature gradients and differentia transformation in the
casting. Often it is recommended that castings be left in the
mold to below 60C (140F) to avoid high residual stresses.

Practical Guidelines for
Heat Treatment

Toughness and abrasion resistance are improved by heat
treatment to amartensitic microstructure. Figure 3.25, which
illustrates the process, emphasizes the importance of slow
heating to 650C (1202F) to avoid cracking. For complex
shapes, amaximumrate of 30°C/h (50°F/hr) isrecommended.
Simpleshapesand fully pearlitic castingscan beheated at fas-
ter rates. The heating rate can be accelerated above red heat.

Austenitization—Thereisan optimum austenitizing tempera-
ture to achieve maximum hardness (Fig. 3.26), which varies
for each composition. The austenitizing temperature deter-
minestheamount of C that remainsin solutionintheaustenite
matrix. Too high atemperature increases the stability of the
austenite—thehigher retai ned austenite content reduceshard-
ness. Low temperatures result in low-C martensite, reducing
both hardness and abrasion resistance. Because of this sensi-
tivity to temperature, furnaces that can produce accurate and
uniform temperatures are most desirable. The successful heat
treatment produces austenite destabilization by precipitation
of fine secondary M7Cj3 carbides within the austenite matrix,
asillustrated in Fig. 3.13.

Classll ironscontaining 12—20% Cr are austenitized inthe
temperature range 950-1010C (1742-1850F). Class 11 irons
containing 23-28% Cr are austenitized in the temperature
range 1010-1090C (1850-1994F).

Castings should be held at temperature long enough to
accomplish equilibrium dissolution of C and Cr carbides to
ensure proper hardening response. A minimum of four hours
at temperatureisnecessary. For heavy sections, theruleof one
hour per inch of section thickness, when the castings reach
temperature, is usually adequate. For castings that are fully
pearlitic prior to heat treatment, the holding time at tempera-
ture can be reduced.

Quenching—Air quenching (vigorous fan cooling) the cast-
ings from the austenitizing temperature to bel ow the pearlite
temperature range, i.e., to between 550 and 600C (1022 and
1112F), ishighly recommended. The subsequent cooling rate
should be substantially reduced to minimize stresses; still-air
or even furnace cooling to ambient temperature is common.
Complex and heavy-section castings are often placed back
into thefurnace, whichisat 550 to 600C (1022to 1112F), and
allowed sufficient time to reach uniform temperature within
thecasting. After thetemperatureisequalized, thecastingsare
either furnace or still-air cooled to ambient temperature.

Heat Treatment of High-Alloy AR Cast Irons
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Fig. 3.26. Relationship between austenitizing temperature and
hardness, illustrating the optimum hardening temperature for
the alloy: H = hardness; y = austenite..

Tempering—Castings can be put into servicein the hardened
(as-cooled) condition without further tempering or subcritical
heat treatments; however, tempering in the range of 200 to
230C (392 to 446F) for two to four hoursisrecommended to
restoresometoughnessinthemartensitic matrix andtofurther
relieve residual stresses. The microstructure after hardening
always contains retained austenitein the range of 10 to 30%.
Some retained austenite will be transformed following tem-
pering at low temperatures, but if spallingisaproblem, higher
temperature tempering should be used to further reduce aus-
tenite content.
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Chapter 4

Alloying for Hardenability

Hardenability Concepts

The metallic matrix of the AR cast irons consists of various
combinations of the microconstituents austenite, pearlite,
bainiteand martensite. Martensiteisby far thehardest of these
microconstituents. Pearlite, bainite and martensite all form
from austenite as it transforms upon cooling below the A,
(critical) temperature. Each microconstituent forms at a dif-
ferent temperature: pearliteformsjust below the A, tempera-
ture; bainiteforms at intermediate temperatures; and marten-
site at the lowest temperatures. Martensite forms only if the
austenite has not aready transformed to pearlite or bainite.

Maximum hardness is attained when the matrix micro-
structure is cooled rapidly enough to develop afully marten-
sitic microstructure. The process of obtaining martensite by
rapid cooling is described as the hardening process.
Hardenability is defined as the ability to harden by rapid
cooling. The term hardenability has also been defined by
Siebert, Doane and Breen (1977) as “the capacity to trans-
form partially or completely from austenite to some percent-
age of martensite at a given depth when cooled under some
given conditions.”

Hardenability is a very important concept in the heat
treatment of ferrous alloysand isakey factor in the selection
of the alloy composition of AR cast irons.

Phase Transformation

An understanding of the transformation behavior of austenite
iscritical to understanding the hardening process. The auste-
nite matrix is stable at temperatures down to the A, tempera-
ture. With slow cooling below the critical (A;) temperature,
austenitewill transformto pearliteor bainite(microconstituents
consisting of an aggregate of ferrite plus carbide). Pearlite
forms just below the critical temperature. Bainite forms at
intermediate temperatures between 204 and 427C (400 and
800F). Martensite generally forms below 204C (400F).

When decomposition of austenite to pearlite (or bainite)
takes place, both the ferrite phase and carbide phase form
simultaneously from the austenite grains. Thetransformation
productsforminalternatelayersof ferriteand carbideand the
rate of growth of these two phases is dependent on the
diffusion of carbon and the rearrangement of metallic atoms
to form the new phases. When viewed in a microscope,
alternate layers of cementite (FesC) and ferrite can be seen.
The formation of pearlite (or bainite) from austenite is a

nucleation and growth process. With all nucleation processes,
sometimeisrequired before nucleation occurs. Growth of the
ferriteand carbide phasesiscontrolled by diffusion and, thus,
is also atime-dependent reaction.

Upon cooling to temperatures below 204C (400F), auste-
nitewill transform to martensite. Martensite is often referred
to asanother phase having an acicul ar structure, which means
needle-like. It is important to recognize that the martensite
reaction isnot atime-dependent reaction, like pearliteforma-
tion, but occursby adifferent transformation mechanismthan
pearlite or bainite. Martensite formation is not dependent on
diffusion but, rather, beginsto form when adefinite tempera-
ture (martensite “start”, My) is reached. It continues to form
only with further cooling. It iscompletely transformed at the
martensite “finish” (My) temperature. Martensite forms over
atemperature range of about 150°C (300°F). If the cooling is
interrupted within this temperature range, the martensite
transformation ceases and some austenite remains.

Kinetics of Phase Transformation

When the metal is cooled rapidly, the transformation of
austenite to pearlite (or bainite) can be incomplete and the
remaining austenite will transform to martensite. With suffi-
ciently rapid quenching, the pearlite and bainite reactionscan
be completely suppressed, and a fully martensitic structure
can be obtained. The degree to which cast iron can be made
hard is determined by the amount of martensite that forms,
either in the as-cast microstructure or after heat treatment.

Asalloying elementsareaddedto cast irons, thekineticsof
pearlite and bainite phase transformations are usually slowed
and the hardenability (the ability to obtain martensite) is
increased. That is, alloying elementsincreasethetimefor the
nucleation and growth of pearlite. This makes it possible to
avoid transformation to pearlite (and bainite) and to obtain
martensite on quenching at slower cooling rates. Thus, even
heavy-section castings can be hardened by air-cooling.

The most common aloying elements used to increase
hardenability in abrasion-resistant cast irons are chromium,
nickel, manganese, molybdenum and copper. Each alloying
element contributes to hardenability differently; some ele-
ments are more effective than others. Certain elements, like
molybdenum, have synergistic effects with other elements,
further augmenting hardenability. Alloying elements that
reduce C solubility in austenite, such as the element Si, may
actually reduce hardenability.
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Hardenability is related to the aloy content and carbon
content. Dueto the fact that some Cr is consumed in forming
eutectic M7C3 carbides, the amount of Cr contributing to the
hardenability of thealloy isconsiderably lessthan thebulk Cr
content. Irons of higher Cr:C ratios have greater Cr contents
in the metallic matrix and, thus, have greater hardenability.
Likewise, in heat treatment, the depletion of C and Cr from
austenite destabilization (carbide precipitation) causes a re-
duction in hardenability. As a result, lower austenitizing
temperatures produce lower hardenability.

Ms Temperature and Retained Austenite

As described previously, martensite formation occurs over a
relatively wide temperature range. For some alloys the Mg
temperature is sufficiently close to room temperature that
little martensite forms before reaching room temperature. As
a result, the casting can contain significant quantities of
retained austenitein the as-cast condition, and eveninthe as-
guenched condition after heat treatment. Of course, refrigera
tion below room temperature will cause further transforma-
tion to martensite and further reduction in retained austenite.

In many applications, elevated levels of retained austenite
can be detrimental to the performance of the casting. In those
applications, the austenitic-martensitic structure of as-cast
ironsisentirely unacceptable. Furthermore, it is necessary to
select the alloy composition and heat treatment that produces
the least amount of retained austenite after hardening, i.e., a
composition and hardening temperature that produces an Mg
temperature of 150C (300F) or above.

Virtually all aloying elementslower the Mg temperature,
but carbon hasthe greatest effect. Several different investiga-
tors have studied the influence of C and alloying elementson
M temperature, and humerous equations describing the ef-
fects of each element have been developed. A few of these
equations are as follows:

Ms (°F) = 930 — 570(%C) — 60(%Mn) — 50(%Cr)
— 30(%Ni) — 20(%Mo0) — 20(%Si) — 20(%6W)
(After Payson & Savage, 1944) 4.2
Ms (°C) = 539 — 423(%C) — 30.4(%Mn)
—12.1(%Cr) — 17.7(%Ni) — 7.5(%Mo0)
(After Andrews, 1965) (4.2)

Notethat, among thealloying elements, Mn, Cr and Ni appear
to have the greatest influence, followed by Mo and W.

The influence of Cr iswell demonstrated by the fact that
fully austenitic microstructuresare readily obtained in as-cast
high-Cr iron castings. The influence of Ni on promoting
retained austenite is equally illustrated by the high retained
austenite content in Ni-Hard castings.

Retained austeniteisaconcernin heat-treated high-Criron
castings, aswell. Many producers are careful to avoid exces-
sive levels of Ni and Mn in castings that are exposed to
conditions with repeated impact. While elevated levels of
retained austenite are not particularly harmful to abrasion
resistance, retained austenite can significantly reduce resis-
tance to spalling.
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Alloying for As-Cast Hardenability

Many castings are used in the as-cast condition; others are
designed to be subsequently heat treated. With Ni-Hard cast-
ings, the desired as-cast microstructure is always martensitic
or austenitic-martensitic. With high-Cr and Cr-Mo iron cast-
ings, the desired as-cast microstructure is often pearlite.

Castingsthat will beusedintheheat-treated condition, still
require that the as-cast microstructure be controlled. As-cast
microstructures can vary from being fully pearlitic to being
largely austenitic or austenitic-martensitic. With as-cast pearl-
itic microstructures, the castings generally have lower re-
sidual stressesand are lesslikely to crack. Furthermore, they
aremore machinable and usually exhibit abetter responseto
heat treatment.

Nickel-Chromium (Ni-Hard) Irons

With Ni-Hard irons, the nickel content must be balanced with
section size. For lighter sections, lower Ni isrequired. Excess
Ni produces elevated amounts of retained austenite, less
martensite, and overall lower hardness. For heavy cast sec-
tions, more Ni is required to avoid pearlite and bainite. As
section size increases further, more alloy is required and,
eventually, Mo is added to develop maximum hardenability.
Recommended Ni-Hard compositionsare givenin Table 4.1
for castings of varying section size. With higher Si content,
lower Ni:Cr ratios are required.

Thereisaneed to balance Ni, Si and Cr to avoid graphite
in Ni-Hard castings. Graphite formation is greatly exacer-
bated by higher C content. To avoid graphite formation, it is
important to control the Ni:Cr ratio.

High-Chromium White Irons

A wide range of matrix microstructures can be obtained by
varying thealloy content of the high-Cr ironsand by applying
heat treatment. With suitable alloying, the phase changesthat
occur inthe high-Cr irons, asthey are cooled in the mold, are
extremely sluggish. With the exception of castingsthat com-

Table 4.1
Guidelines for Ni and Cr Contents of Ni-Hard 1 and Ni-Hard 2
as a Function of Section Size

Ni-Hard 1 Ni-Hard 2

Section Sandcast Chillcast Sandcast Chillcast
Size (mm) | %Ni  %Cr  %Ni  %Cr %Ni  %Cr %Ni %Cr

<12 38 16 33 15 40 15 35 14
12-25 40 18 36 17 42 17 38 15
25-50 42 20 39 19 44 18 41 16
50-75 44 22 42 21 46 20 44 18
75-100 46 24 45 23 48 22 47 20

>100 48 26 48 25 50 24 50 22
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pletely transform to pearlite on mold cooling, large amounts
of retained austenite usually exist in high-Cr iron castings.
Thisausteniteisgenerally supersaturated, inrespect to C, and
itisthe high Cr and C contentsin the austenite that causeit to
be retained at room temperature. The degree of supersatura-
tion can beminimized by delaying cooling of the casting from
thesolidus. Slow cooling allows precipitation of carbidesand
thus a reduction in the stability of the austenite. Thisis the
basis of the controlled cooling and tempering approach used
for certain classes of castings.

Experimental dataindicatethat the hardenability of as-cast
high-Crironsissubstantially greater than that of ironsthat are
subsequently heat treated. It has proved difficult to quantify
the effects of alloying on as-cast high-Cr irons, but there are
dataavailablefrom theinvestigations of Maratray (1970) and
Gundlach (1974), which suggest that the effects of aloying
elementson as-cast ironsare similar to, but not quantitatively
the same as, those observed for heat-treated irons.

Many complex cast sections, such as slurry pump compo-
nents, are often used in the as-cast austenitic/martensitic
condition to avoid the possibility of cracking and distorting
during heat treatment. To avoid forming pearlite during mold
cooling, aloying additions are usually required. As the C
content isincreased, more Cr is consumed to form additional
carbide and, therefore, larger alloying additions are required.
Table 4.2 presents a guide to appropriate alloying for the
prevention of pearlite in the various classes of mold-cooled
as-cast irons.

As-cast Austenitic/Martensitic Microstructures—Solidifica-
tion in the hypoeutectic alloys occurs by the formation of
austenite dendrites followed by the eutectic formation of
austenite and M7C3 Cr carbides. Under equilibrium condi-
tions, additional Cr carbidewill precipitatefrom the austenite
matrix on cooling from the eutectictothecritical temperature,
about 760C (1400F) and transformation to ferriteand carbide
occurs on subseguent cooling. However, when cooling under
nonequilibrium conditions, such asencountered in most com-
mercial castings, the austenite becomes supersaturated in C
and Cr. Due to elevated C and Cr contents, a metastable

austenitic microstructure normally develops, provided pearl-
itic and bainitic transformations have been inhibited. With
sufficient alloyingwithMo, Mn, Ni and Cu, pearlitictransfor-
mation can be avoided in virtually any cast section.

With lighter cast sections, the mold-cooled structure is
generally austenitic. Austenitic/martensitic structures are ob-
tained as-cast in heavy-section castingsthat cool slowly inthe
mold. With slow cooling rates, austenite stabilization isin-
completeand partial transformation to martensite occurs. But
in these castings, martensite is mixed with large amounts of
retained austenite and, therefore, hardness levels are lower
than can be achieved in heat-treated martensitic castings.
These castings must contain sufficient alloy to suppresspearl-
ite on cooling. Some compositions (higher Si aloys) have
been devel oped to assist martensiteformationin refrigeration
treatments. Subcritical annealing has also been employed to
reduce austenite content and, at the same time, increase
hardness and toughness.

Alloying for Hardenability
in Heat Treatment

To obtain maximum hardness and abrasion resistance, mar-
tensitic matrix structures must be produced by full heat
treatment. The casting must contain sufficient alloy to avoid
pearlite formation on cooling from the heat treatment tem-
perature.

Chromium, nickel, copper, manganese and molybdenum
are used to delay transformation to pearlite on heat treatment
and Cias (1974) and Maratray (1970) have shown how varia-
tionsin these elements affect continuous cooling transforma-
tion behavior in high-Cr white irons.

Typical continuous cooling transformation (CCT) dia-
gramsillustrating the hardenability in several common alloys
including Ni-Hard 1, Ni-Hard 4 and high-Cr iron alloysfrom
Classesll andlll arepresentedinFigs. 4.1a-4.1g. Thenumber
encircled at the end of each cooling curve represents the as-
guenched hardness (HV).

Table 4.2
Minimum Alloy Content to Avoid Pearlite in
Mold-Cooled Castings of Indicated Effective Section Size
(Plate Thickness or Radius of Rounds)

—Plate Thickness or Radius of Rounds——

ASTM A 532 25 mm 50 mm 100 mm
Class % Cr@® % CO® (2in.) (4in.)
1B, 1IC 14-18 2.0 1.0 Mo 1.5 Mo 1.5 Mo + 1.0 (Ni + Cu)

3.5 2.0 Mo 2.5 Mo 2.5 Mo + 1.0 (Ni + Cu)
11D, lIE 18-23 2.0 0.5 Mo 1.0 Mo 1.0 Mo + 1.0 (Ni + Cu)

3.2 1.5 Mo 2.0 Mo 2.0 Mo + 1.0 (Ni + Cu)
A 23-28 2.0 0.5 Mo 1.0 Mo

3.0 1.0 Mo 1.5 Mo 1.5 Mo + 1.0 (Ni + Cu)
(1) In base irons containing 0.6% Si and 0.8% Mn.

Alloying for Hardenability
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Fig. 4.1a. CCT diagram for Ni-Hard 1 containing 3.1% C, 0.6%
Si, 4.0% Ni, 2.3% Cr and 0.5% Mn.
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Fig. 4.1b. CCT diagram for Ni-Hard 4 containing 3.1% C, 1.2%

Si, 5.4% Ni, 8.3% Cr and 0.6% Mn.
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Fig. 4.1c. CCT diagram for high-Cr iron containing 2.9% C, 0.6% Si, 0.8%

Mn, 17.6% Cr, 0.5% Mo.
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Alloying for Hardenability
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Fig. 4.1e. CCT diagram for high-Cr iron containing 3.6% C, 0.4% Si,
0.9% Mn, 15% Cr, 2.6% Mo.

1000 1800
200 F Ny T,=965°C |
\ \\ \ \ t, = 20 min—] 1600
o N
700 | Ac, = 738 "CP— Y
600
500 \ \
400 — \
300 |- — \
Class lle \
200 b white iron
2.9C, 0.65i, N 7
w0 b 0FMn 1948, | o N~ " ) 200
2.1Mo, 1.0Cu 7o~ @24 PRV T Ty
0 f 870 @49&89%‘@@ 1649 12
1 10 102 103 104 10%s
1 1 | | 1
1 0 102 10°  min
Time 1 4 10 30h
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Fig. 4.1g. CCT diagram for high-Cr iron containing 2.6% C, 0.8% Si,
0.6% Mn, 27.8% Cr.
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Selecting Alloy Compaositions

Alloying must be sufficient to ensure that a pearlite-free
microstructure is obtained during heat treatment. Of neces-
sity, the heat treatment requires an air quench from the
austenitizing temperature. Faster cooling rates should not be
used, because the casting can develop cracks due to high
thermal and/or transformation stresses. Thus, the alloy must
have sufficient hardenability to allow air hardening. Over-
alloying with Mn, Ni and Cu will lower the Mg temperature
and promote retained austenite, which detracts from resis-
tance to abrasion and spalling.

Dodd, Gundlach and Morton (1982) developed an equa-
tion for hardenability of high-Cr irons from CCT data using
regressionanalysis. All ironswereaustenitized at 955C (1750F)
and hardenability is defined astime (in seconds) to reach the
pearlite nose. The relationship that incorporated first-order
terms for the alloying elements, plus some alloy interaction
terms, is.

Log pearlite time (sec) = 1.07 + 0.43(%Ni)
+ 0.44(%Cu) + 0.25(%Cr/C)
+ 0.59(%Mo x %Mn) + 0.56(%Mo x %Ni) 4.3

This equation impliesthat Ni and Cu have strong singular
contributions to hardenability, but closer scrutiny of the data
indicatesthat additions of Ni and Cu, either by themselves or
as a combination (Ni + Cu), are not as powerful as this
equation predicts (Fig. 4.2). Data points for Ni- and Cu-
alloyed ironsidentified in Fig. 4.2 fall well above the curve
and indicate that the equation gave an overly optimistic
prediction of hardenability for those alloys. It was only when
M owasadded (minimum of 0.5%) that theseel ementsshowed
strong contributions to hardenability. This synergistic effect
with Mo is already partialy expressed in the “Mo x Ni”
interactionterm of theequation, but it al so occurswith copper.
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Fig. 4.2. Correlation of time to reach the pearlite nose and the
time predicted by regression analysis (Eq. 4.3).
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Correlation of Composition With Section Size

For each composition thereisacritical cooling rate required
toavoid the pearlite nose of the CCT diagram. Therefore, itis
necessary to know the cooling rate of the critical section of a
casting that must be hardened. Idedlly, thisis determined in
heat treatment experiments by instrumenting the casting with
thermocouples. Alternatively, it can be estimated by observ-
ing the time it takes for the casting to reach “black heat” (no
color) on quenching. Once the critical cooling rate is deter-
mined, one can go to Equation 4.3 to estimate the alloying
required to develop adequate hardenability.

Since almost all cast sections must be air-cooled to avoid
cracking and high levels of residual stress, it is desirable to
know theratesfor cooling castingsin air. The cooling rates of
steel rounds of various diameters cooled in still air from the
austenitizing temperatureisoffered by Siebert et al. (1977) as
aqguide (Fig. 4.3).

The following equation has been derived from the data of
Fig. 4.3. It givesaconservative estimate of thetimeto cool in
air to the pearlite nose for plate sections ranging from 1 inch
to 12 inches thick:

LogT=090Logt—-1.0 (4.9

where T = section thickness, mm
t = timeto pearlite nose, seconds

From this relationship a correlation of composition with
section size can be estimated by combining Equations4.3 and
4.4 with the following results:

Log T = 0.06 + 0.39(%Ni) + 0.40(%Cu) + 0.23(%Cr/C)
+0.53(%Mo x %Mn) + 0.50(%Mo x %Ni)  (4.5)

This relationship is given as a guide to alloy selection. It
will help the designer estimate the hardenability of high-Cr
white iron aloys. It should not be applied rigorously, but
rather, each foundry should test the composition in heat
treatment trials to verify that sufficient hardenability is
achieved.

Hardenability isknowntoincreasewithhigher austenitizing
temperature, i.e., lessaustenite destabilization. Therefore, the
hardenability predicted by this equation is somewhat conser-
vative. Considering thevery deleterious effect pearlite hason
hardness, a conservative approach is desirable.

In addition to suppressing or delaying transformation to
pearlite, the aloying elements used to obtain hardenability,
particularly Ni, Mnand Cu, markedly depressthe martensitic
transformation temperature range. This must be taken into
consideration when designing an alloy, since inappropriate
alloying can result in a very low Mg temperature with large
amounts of retained austenite, and/or castings with reduced
hardness. Because Ni and Cu promoteretained austenite, they
are usually restricted to combined levels of 1.2% maximum.
Manganesebehavessimilarly and shoudl berestrictedto 1.0%
maximum. Figure 4.4 shows the relationship between the
maximum obtai nabl e hardnessand the Mstemperature of five
heat-treated high-Cr irons. Aspreviously discussed, carbonis
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Fig. 4.3. Air-cooling response of steel products of increasing cross section

(center temperature vs. log time).

more potent than the alloying elements in depressing the Mg
temperature. Thus, an important feature of the metallurgy of
the high-Cr-Mo alloy ironsis control of the C content of the
matrix. Thisisinvariably dramatically higher than consider-
ation of the equilibrium diagrams would suggest, due to the
very sluggish diffusion of C and Cr in these high-Cr alloys.
Thistopic has been discussed, in detail, by Maratray (1982).

Table 4.3 is offered as aguide to alloying for air quench-
ing heat-treated castings of various sections. These recom-
mendations for alloying specific ASTM grades are based on
studies of continuous-cooling transformation of high-Cr
irons. The summary provides specific referencesto available
data. The regression Equations 4.3, 4.4 and 4.5 should be
consulted when considering nonstandard grades and thick
section castings.
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Fig. 4.4. Relationship between hardness and Ms temperature

for five alloyed high-Cr irons that have been austenitized at
various temperatures and quenched to room temperature.

Table 4.3
Minimum Alloy Content to Avoid Peatrlite in
Heat-Treated (Air-Quenched) Castings of Indicated Effective Section Size
(Plate Thickness or Radius of Rounds)

ASTM A 532 25 mm
Class % CrM % C®) Qin))
1B, lIC 14-18 2.0 1.5 Mo
3.5 3.0 Mo
11D, lIE 18-23 2.0 1.0 Mo
3.2 1.5 Mo
A 23-28 2.0 0.5 Mo
3.0 1.5 Mo

p. 683.

(1) In base irons containing 0.6% Si and 0.8% Mn.

Plate Thickness or Radius of Rounds
50 mm 100 mm
(2in.) (4in.)

1.5 Mo + 0.5 (Ni + Cu)
2.0 Mo + 1.0 (Ni + Cu)

2.0 Mo + 1.0 (Ni + Cu)
2.5 Mo + 1.0 (Ni + Cu)®

2.0 Mo
2.0 Mo + 0.7 (Ni + Cu)

2.0 Mo + 0.5 (Ni + Cu)
2.0 Mo + 1.2 (Ni + Cu)®

1.5 Mo
1.5 Mo + 0.6 (Ni + Cu)

1.5 Mo + 0.5 (ni + Cu)
1.5Mo + 1.2 (Ni + Cu)®@

(2) Ni and Cu promote retained austenite and should be restricted to combined levels of 1.2% maximum; Mn
behaves similarly and should be restricted to 1.0% maximum. Source: ASM Handbook, vol. 15, 9th Ed.,

Alloying for Hardenability
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Lean Alloy Approach

For castingsthat will be heat treated, the desired mold-cooled
structure is often pearlite. This softer structure will facilitate
removal of gatesand risersand minimizethetransformational
and thermal stresses that cause cracking. The pearlitic struc-
turewill also shorten theresponseto heat treatment. Alloysof
low hardenability that transform completely to pearlite on
mold cooling need only be austenitized for one hour at
temperature to obtain martensite on subsequent cooling.
Whereas, the precipitation of carbides from supersaturated
austenite can take up to four hours at the austenitizing tem-
perature to achieve sufficient destabilization.

Careful design of alloy composition will assure that a
substantially pearlitic structure develops in the casting after
mold cooling, but will provide enough hardenability to pre-
vent pearlite formation during subsequent heat treatment.
Heavy-section castings made pearlitic by such an aloy con-
tent can oftentimes be removed from the mold, once the
castings have reached black heat (i.e., below 650C).

It should be emphasized that overalloying, as well as
underalloying, should be avoided. If Mn, Ni or Cu are added
in excessive quantitiesto prevent pearlite formation in heavy
sections, too much austenitewill beretained in light sections.
Asaresult, air-cooled hardness will be lower than desired in
the thin sections and both wear resistance and resistance to
spalling will be reduced.
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Chapter 5
Morphology, Micro-

structures and Properties

Abrasion-resistant cast irons are one of the most complex
microcomposite engineering materials available to wear-re-
sistance technologists. Their range of mechanical,
thermophysical and wear properties provide a broad range of
optionsin meeting the challengesof aparticular environment.
Abrasion-resistant irons can be tough or they can be brittle;
they can have no corrosion resistance or they can be as
“stainless’ as 304 stainless steel—it all depends on the mor-
phology and microstructure. (SeeGlossary for SainlessSed .)

The aim of this chapter is to demonstrate how the
microconstituents of AR irons combine to form micro-com-
posite materials having wide-ranging properties. It is this
combination of distinct constituents and phases that makes
ARironsso useful, yet so complex. Thischapter isdevotedto
the study of these individual constituents and phases. From
thisbasis, ARironsarediscussed asacombination of two con-
stituents: carbide and matrix. Within each constituent, avari-
ety of phases can be found. A brief list of the various
constituents' s hardnessesis provided in Appendix A. For ex-
ampl e, themetallic matrix can beaustenitic, martensitic, pear-
litic or, typically, acombination of austenite and martensite.

For each class of AR cast iron, brief discussions are
provided about mechanical and physical properties. General
relationships will be discussed to highlight the relationships
between microstructure and properties. Thisdiscussionisnot
meant to be exhaustive, but only to highlight general guide-
lines. If more specific datais needed, Appendix B should be
consulted.

Carbide Constituents

The world of AR irons revolves around the type, volume
fraction and morphology of carbidespresentintheiron. Table
5.1 provides a quick summary of the different types of
carbides that can befound in AR cast irons. For the majority
of users, there are only two carbides of interest, the M3C and
the M;Cs. For example, all of the irons defined within the
ASTM A532 specificationscontain either the eutectic M3C or
M-C5carbide. Itisthesecarbidesthat will becoveredindetail .

M3C Carbide Morphology

Table 5.1 provides a starting point for our understanding of
this carbide. What really separates the M3C carbide from the
other carbidesisitsmorphology. Figures5.1a-5.1c providea
good look at the plate-like morphol ogy of the M3C carbide as

theiron’s composition is shifted from hypoeutectic to hyper-
eutectic.

The basic morphology of the carbide remains the same
whether itisformed during eutectic solidification (hypoeutec-
tic and eutectic) or formed during primary solidification as
primary carbide (hypereutectic). The M3C carbide morphol-
ogy is often described as being composed of thin plate-like
structures. These plates can appear to be rather solid or to be
riddledwith holes. Inall cases, the carbide network iscontinu-
ous. The continuity of thesethin plate-like structuresis one of
the magjor microstructural featuresin M3C-type AR irons.

Figure 5.2 shows a schematic of how the M3C carbide is
often observed and described intheliterature. If thecarbideis
captured at just the right angle, it may appear as discrete
plates; if captured at another angle, it may appear as a solid
mass of carbides punctured with holes. In either case, more
careful observation by the SEM would show that the carbide
is always continuous and is always composed of the basic
building blocks shown in Fig. 5.2.

This fact is still questioned every once in awhile. For
example, high cooling rates sometimes appear to produce a
discontinuous M3C carbide network. Figure 5.3a shows an
optical polished plane view that appears to show the M3C
carbideasbeing discontinuous. Contrary tothepolished plane
view, the deep-etched micrograph (Fig. 5.3b) shows how 2D
pictures can be misleading; i.e., the M3C carbide is il
continuous.

The M3C carbide can also appear as secondary carbides
(carbidesformed viaasolid-state transformation). Inits most
famous form, it appears as a mixture of ferrite and MsC, i.e.,
pearlite. In Ni-Hard 4 irons and other irons with low-Cr
austenite matrices (e.g., Ni-Hard 1, Ni-Hard 2 and, of course,
pearlitic irons), large secondary M3C carbides will form
within the austenite matrix as the casting cools to room
temperature. Figures 5.4a and 5.4b show the morphology of
secondary M3C carbidesin aNi-Hard 4 dendrite. If anything,
the characteristic plate-like M3C morphology is shown even
clearer in these deep-etched SEM micrographs.

M3C Mechanical and Physical Properties

The hardness of the M3C carbide is nothing extraordinary.
Table 5.1 showsthat it isthe softest of the carbides, having a
hardness range of 800—-1000 DPH. (Only the phosphide car-
bide FesP is softer, having a hardness of around 500 DPH.)
What makes the M3C carbide extraordinary is its ability to
formin massive quantities. For example, itiscommonto find
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pearlitic and Ni-Hard 1 grades of AR irons containing up to
40% carbide volume fraction (CVF). At such high CVF, the
M 3C carbide dominates the iron’ s abrasion resistance.

Thereactivity or resistanceto oxidation of theM3C carbide
was not found in the literature surveyed by the authors. It can
be reasoned that its chemical inertness or reactivity istied to
its Gibbs Free Energy of Formation. The property of Gibbs
Free Energy (see Glossary) isthe energy released during the
formation of the compound. If the compound releasesalarge
amount of energy, then asimilarly large amount of energy is
required to decompose the compound. Figure 5.5 provides
some data on the Gibbs Free Energy for the M3C, M7C3 and
M 23Cg carbides as afunction of Cr content. The numbersare

negative, reflecting the amount of energy required to return
the compound elementsto their original state (e.g., M3C - 3
M and 1 C atoms).

Focusing on just the M3C carbide, the Gibbs Free Energy
of Formation becomeslessand lessnegative asthe Cr content
decreases. At 0.0% Cr, the carbide becomes unstable as the
GibbsFree Energy approacheszero. Thishasadirect applica
tion in pearlitic irons where the Cr content can be extremely
low (<0.5%). In pearlitic irons, depending on the Si and Ni
content, the MsC carbide (i.e., FesC carbide) can be decom-
posed into graphite at somewhat low heat treatment tempera-
tures, say 600C (1112F). Thistransformationisat the heart of
themalleableiron process. (SeeGlossary for Malleablelron.)

Table 5.1
Carbides in AR Cast Irons

Carbide Chemistry (Wt%)
Type Major Alloying Elements

MsC

%C

Majority Fe and, in most Ni-Hards, up to 6.7-6.9
5% Cr and 1.5% Ni.

The M3C carbide has extensive solubility

of Mn and, if 1% Mn is added to the melt,

1% Mn will be present in the carbide. Cr can

also dissolve into the M3C carbide up to 17%.

Mo, V and other metal atoms have very

limited solubility within the M3C carbide.

M;C3 Majority Cr, however the Cr content can 8.6-8.9
vary from 24 to 50%.(1) The carbide can also

contain several% of Mo (<7%) and V (<30%),
depending on the alloy content. Mn has similar

solubility as in the M3C carbide.

M23Csg Majority Cr with a lower limit of around 60%. 5.3-5.7
Solubility of other elements is assumed
to follow that of the M;C3 and M3C types,

e.g., W<10%, Mo <10% and V <10%.

Mo,C In wear irons having several percent Mo, 5.9
this carbide will commonly appear at the

austenite grain boundaries. The presence

of other carbide-forming elements, other

than Mo, within this carbide has not been
confirmed in the literature. At this time,

it is assumed to form as a pure carbide,

although it is believed to contain some Cr

when solidified within a high-Cr AR cast iron.

Vanadium carbide is one of the more 17-20
misunderstood carbides. It will only appear

as a eutectic carbide at alloy levels in excess

of 4.5%. At lower alloy contents, it will partition

into the MxCy family of carbides and into the
ferrous matrix. V carbides formed in Cr-con-

taining irons can have up to 20% Cr dissolved
within the carbide.

MC (VC)

NbC Niobium carbide is niobium carbide, i.e., 11
other alloying elements have very limited

solubility within its crystal structure. Moreover,

Nb has very limited solubility within ferrite and

austenite; hence, what you add is what you get.

TiC Titanium carbide forms as a pure, 20

unmixed carbide.

Density
(g/cm3)

7.4-7

6.6-6

7.2-1.7

9.1

5.6-7.0

7.8

4.9

(1) The M;Cs carbide can be manufactured to contain Cr;Cs but, in typical foundry casting practice, the limit is around 50% Cr.

.6

9

Mor-
phology

Plate-like

Hardness
(DPH)

800-1100

Gibbs Energy
(kJ/mole)

Crystal-
lography

Orthorhombic +1to-10

Rod and —10to —20

Blade-like

Trigonal 1000-1800

(Pseudo-
Hexagonal)

Complex FCC Rod-like 1000 -8 to —-15

(D84 Type)

Orthorhombic Blade-like 1500-1800 -251t0-30

Complex FCC Rod-like 2000-3000 —40 to —80

(B1 Type)

Coral-like or 2000-2500 -110to-140

petal-like

Complex FCC
(B1 Type)

Complex FCC 2000-3100 -180

(B1 Type)

Blocky
chunks
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(5.1a) hypoeutectic

e

e

(5.1c) hypereutectic

Fig. 5.1. Examples of M3C carbide morphology as the iron’s
composition moves from hypo- to hypereutectic. All SEM
photomicrographs were taken after deep-etching in aqua regia
(see Appendix F for details on etching procedures).

Morphology, Microstructures and Properties

M;C3 Carbide Morphology

The morphology of the M;C; carbide is truly different from
that of the MsC carbide. This fundamenta difference, to a
large extent, is what separates pearlitic and Ni-Hard 1 and 2
from high-Cr irons. Figures 5.6a-5.6¢ provide a sequence of
deep-etched SEM micrographs showing this M;Cz carbide
morphology in hypoeutectic, eutectic and hypereutectic cast
irons.

The M;C; carbide morphology consists of rod- and blade-
like structures characterized by a dominant growth direction
alongtheaxisof therod or blade. Thegrowth of theserod- and
blade-like structures is confined within a eutectic cell for
hypoeutectic and eutectic irons, while in hypereutectic irons
thecarbidescanbeextremely thick andlong. Intheformer, the
length of any one rod or blade is limited by the size of the
eutectic colony. Inthelatter, thelength of ahypereutectic rod
is only limited by the growth of adjacent hypereutectic rods
within the melt. Consequently, hypereutectic irons can have
individual carbide “fibers’ that are extremely long (in the
range of millimeters).

A good example of thisgrowth behavior isshown in Figs.
5.7a and 5.7b. If the iron is sectioned perpendicular to the
dominant growth direction, Fig. 5.7a shows that the carbide
morphology appearsto consist of discrete particles. At right
anglestothisgrowth direction, thetruegrowth morphol ogy of
the M7C3 carbide is displayed in Fig. 5.7b.

Fig. 5.2. Depending on the orientation and cooling rate, the
M;3C carbide can appear to have a variety of morphologies.
With more careful observations, the morphology is just a
variant of the standard plate-like form. (Photomicrographs are
courtesy of G.L.F. Powell)
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(Carbide Constituents, continued)

(5.3a) polished plane view of discontinuous
MsC carbide, within a pearlitic matrix

(5.3b) deep-etched view of discontinuous
M;sC carbide, which, of course, is continuous

Fig. 5.3. The description of carbide morphology is all in the
plane and depth of views that are used. In understanding MsC
carbide morphology it is always useful to think in 3D. For the
MsC carbide morphology, try to visualize a plate that is riddled
with holes and how it may appear from different view angles
and different growth directions. (Photomicrographs are
courtesy of G.L.F. Powell)

The iron shown in Fig. 5.7 was sand cast and had a
composition of 3% C, 25% Cr. The region shown in the
micrographs was obtained from a section that was immedi-
ately adjacent to the surface. Since astrong thermal gradient
existed near the surface (i.e., acting somewhat as a chill), the
carbides dominantly grew perpendicular to thissurface. This
effect wasapparent only within 5 mm of thesurface. Aswould
beexpected, further away fromthesurface, thecarbidegrowth
morphology became more random.

Another characteristic that is unique about the M;C3 mor-
phology is the formation of blade-like carbides between
interdendritic spaces. If the iron is strongly hypoeutectic
(CVF is less than 20%), the eutectic liquid is squeezed
between the solidifying dendrites. As eutectic solidification
commences, carbide growth is constrained between the pre-
existing dendrites, resulting in the carbide microstructure
shown in Fig. 5.6a.
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(5.4b) slow cooled

Fig. 5.4. Secondary M3C carbides in Ni-Hard 4. The MsC
carbides still retain their characteristic plate-like morphology.
During fast cooling (a), few MsC carbides are formed. If the iron
is slow cooled (b), many more MsC carbides are formed.
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Fig. 5.5. Gibbs Free Energy of Formation for the M3C, M;C3 and
M>3Cg carbides from austenite. As the Cr content increases, so
does the Gibbs Free Energy. Noteworthy is the Gibbs Free
Energy for the MsC carbide. At very low Cr content (FesC), the
carbide is thermodynamically unstable (i.e., it takes very little
energy to decompose the carbide into graphite and austenite).
(After Benz et al., 1974)
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Another place that M;C3 blade-like structures appear is
within eutectic colonies. This aspect was covered in Chapter
2, Solidification, but for completeness, Figs. 5.8a and 5.8b
provideafew morepicturesof blade-likemicrostructuresthat
occur in eutectic colonies and between growing dendrites.

e, 20

[

(5.6¢) hypereutectic

Fig. 5.6. Examples of the M;C3z carbide morphology as the iron
moves from hypo- to hypereutectic. All SEM photomicro-
graphs were taken after deep-etching in aqua regia.

Morphology, Microstructures and Properties

Secondary carbides will aso have the same characteristic
M-C3 morphology. In this case, since thereislittle competi-
tionfrom solidifying dendrites, themorphol ogy ismostly rod-
like. Figure 5.9 shows the morphol ogy displayed by second-
ary M;C3 carbides in a high-Cr white cast iron after heat
treatment.

M-C3 Mechanical and Physical Properties

The hardness of M;Cs can vary from between 1000 to 1800
DPH, with moregenerally accepted val ues between 1250 and
1500 DPH. Thereare many reasonswhy the hardnessof M;Cs
varies. Depending onwhat axisthe carbideisindented, totally
different hardnesses will result. If the carbide is indented
across the end of the rod, the hardnessis around 1500 DPH,
whereasif the carbideisindented along the length of therod,
the hardness is only 1000 DPH. This hardness anisotropy is
one reason chill-cast aloys yield dightly higher hardness
numbers. That is, near the surface of the iron, the indenter
must push against the “harder” side of the carbide.

(5.7b) long rods

Fig. 5.7. Dominant growth characteristics of the M;C3 carbide
can produce long rods if growth is unimpeded. Depending on
the polished plane, the carbide morphology can appear as
isolated particles (a) or long rods (b). (Courtesy of Dogan and
Hawk)

67



(Carbide Constituents, continued)

Other sources on the hardness of the M7Cs carbide have
shown even greater variability. Measurements made by
Kagawa et a. (1992) show great ranges in hardness for the
M3C and M+Cj3 carbides, depending on the Cr content of the
carbides. Their hardness measurements were made on chill-
cast aloys. Indentations were made perpendicular to the axis
of the M7Cgs rods or on the “hard” side. Figure 5.10 briefly
summarizes part of their work.

UsingFig.5.11, wecaneasily estimatethe Cr content of the
M+C;3 carbidefor many common AR irons. With thisnumber,
the hardness of the M 7C3 carbide can bedetermined from Fig.
5.10. Very simply, asthe Cr content of theiron increases, the
hardness of the M3C and M7Cs carbides increases. Since
pearlitic and Ni-Hard 1 and 2 irons contain very little Cr, we
can expect to seelittle variation in the M 3C carbide hardness.
In high-Cr irons, this relationship between Cr content and
M-+C3 carbide hardness provides insight into the abrasion

(5.8b) blade-like structure

Fig. 5.8. The many faceted nature of the M,C3 carbide. The
basic building block is the rod-like structure, which can be
forced to grow as blades when constrained between dendrites.
In (a) and (b), the “fur balls” are secondary M3C carbides
formed during heat treatment. Both micrographs are from the
same Ni-Hard 4 iron.
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performance of Ni-Hard 4 versus high-Cr abrasion resistance
irons. Very simply, higher Cr irons will have harder M;Cs
carbides.

Thechemical inertnessof theM;Cz carbideispartly tiedto
its Cr content. As shown in Fig. 5.5, as the Cr content
increases, so does the negative Gibbs Free Energy of Forma-
tion, and so follows the stability of the M7C3 carbide. Thisis

Fig. 5.9. Secondary M;Cs carbides in a high-Cr white cast iron.
The carbide morphology is basically rod-like with just a few
occurrences of rods joining up to form blades.
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Fig. 5.10. Hardness of the M3C and M;C3 carbides as a
function of Cr content. Measurements were made using a 1-kgf
load and represent an average of at least 10 indentations. The
large error bars reflect the variability in the hardness
measurement. Indentations were made on polished cross
sections that were sectioned parallel to the chilled surface.
(After Kagawa et al., 1992)
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important for users selecting AR ironsfor extreme corrosion/
oxidation environments.

In the literature, pure Cr,Cs is said to be attacked at 800C
(1472F) and will burn at temperatures in excess of 1100C
(2012F), if oxygen is present. It can be reasoned that, at
concentrationslessthan pureCr;Cgz, thesetemperatureswoul d
be lowered.

In oxidizing environments (e.g., theacidsHNOz and H,0,
create oxidizing solutions), the M;Cs carbide will remain
relatively stable due the formation of athin Cr oxidefilm. As
can be guessed, the M3C carbideis not nearly as stable since
its Cr content is typically only a couple of percent, as com-
pared to the M;C3's Cr content of between 35 to 50%. All in
all, theinertness of the M ;C3 carbideismuch greater than that
of the MzC carbide.

Finally, in reducing environments (e.g., the acids HCl and
H,S0,4 createreducing solutions), the M;Cs carbideisreadily
dissolved. Chapter 9 on Corrosive/Abrasive Wear Perfor-
mancewill cover thecorrosivebehavior of ARironstoamuch
greater extent; however, for the moment, it is good to start
thinking about the behavior of these materials as the sum of
their individual constituents.

M,3Cg Carbide Morphology

This carbide is rarely seen in commercial irons and, to the
authors' knowledge, no commercial irons are manufactured
that form primary or eutectic M3Cg carbides. It does appear
asasecondary carbide in very high-Cr ferritic and austenitic
ARirons(e.g., 440C) and iscommonly found along thegrain
boundaries in heat treated low-carbon stainless steels. Its
morphology isshownin Figs. 5.12aand 5.12b asa secondary
carbide in a heat-treated iron having a base composition of
2.5% C and 29% Cr.

M23Cs Mechanical and Physical Properties
Thehardnessof M»3Cg carbidesislower than that of theM+Cs
carbidebut slightly higher thanthat of theMsC carbide. It was
not possible to find data on the range of hardnesses of the
M 23Cs, only on the pure Cr,3Cg carbide, for which ahardness
of 1000 DPH is reported.

Followingthe GibbsFree Energy dataprovidedinFig. 5.5,
it would be expected that the chemical stability of the M3Cg
carbidewould belower than the M;C5 carbide. However, due
to its higher Cr content, the M,3Cg carbide islessreactivein
oxidizing environments than the M,C3 carbide.
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(Carbide Constituents, continued)

(5.12b)
Fig. 5.12. Two different magnifications showing the morphology
of the M»3Cg carbide in an austenite dendrite of a 2.5% C, 29% Cr
AR cast iron. The morphology is completely rod-like. (Courtesy
of Powell and Laird)

Mo,C Carbide Morphology

Thepresenceof thiscarbideisrarely desired. AsshowninFig.
5.13, itsfibrous appearance is very similar to that of the soft
phosphate carbide (Fe;P) discussed in Chapter 2 on Solidifi-
cation. The Mo,C morphology is characterized by blade-like
segments. The Mo carbide forms at the very end of the
solidification sequencein AR irons(Fig. 2.28). At thissolidi-
fication stage, theremaining liquid pool istightly constrained
by the surrounding dendrites. As solidification progresses (L
- Mo,C + yFe), the eutectic grows asamixture of blade-like
carbideand austenite. Aswith other metal carbides, Mo,C has
a preferential growth direction resulting in the blade-like
morphology shown in Fig. 5.13.

The Mo,C eutectic carbideiseasy to find in AR irons that
arealoyedwithan Mo content in excessof 3%. Sinceit forms
within the constrained interdendritic spaces, its morphology
is often dictated by the other phases that form first. An
example of this structure is shown in Fig. 5.14 where the
dendrites and M3C carbides have al formed prior to the Mo
eutectic. At 2% Mo, Mo,C carbides can be found along the
grain boundaries. At lower levels, Mo dissolves into the
austenitic matrix and M,C5 carbide.

Although it might be suspected that the Mo carbidewould
form as a mixture or as an M,C type in Cr-containing AR
irons, it hasonly been confirmed aspureMo,C (Maratray and
Usseglio-Nanot, 1971).

Mo,C Mechanical and Physical Properties

The hardness of the Mo,C carbide varies from 1500 to 1800
DPH. Sincethey formasvery fineinterdendritic carbidesand,
in most irons, are present in trace quantities (<1% carbide
volume fraction), their effect on theiron’ shardnessand wear
propertiesis negligible.

Fig. 5.13. Morphology of the Mo,C carbide within an austenite dendrite of a 2.3% C, 5% Mo AR cast
iron. The morphology is blade-like. Images were created by heavily etching the sample with 2% nital
and then viewing in the secondary electron mode of the SEM.
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Molybdenum carbide is rapidly attacked in air at 700—
800C (1292-1472F), and can be easily dissolved by concen-
trated HF, HNO3; and H,SO,. Interestingly enough, it is
impervious to concentrated HCI. During heat treatment, the
carbide remains stable and will not transform. In part, this
property is characteristic of its high Gibbs Free Energy of
Formation (see Table 5.1).

MC (VC) Carbide Morphology

Vanadium carbide only appearsasamixed carbide, muchlike
theM3Cand M7C3 carbides. In AR ironscontaining morethan
acouplepercent Cr or Mo, theMC (VC) carbide’ sstoichiom-
etry will take on thefollowing formula: V,CryMo,C, where x
>0.50andx +y +z=1.0. TheMC structurehasagreat affinity
for other metallic alloying elements, but in theform discussed
within this section, its dominant alloying element is vana-
dium. Figure 5.15 quantifies the distribution of aloying
elementsintheM C carbidefor ARironscontaining 5and 15%
chromium.

The eutectic MC carbide can provide superior wear resis-
tanceandtoughnessinexotic AR castironsandin high-C cast
tool steels. Although it is quite hard, its morphology is its
outstanding characteristic. Figure5.16 showsexamplesof the
MC morphology. As shown in Figs. 5.16b and 5.16c, the
eutectic MC carbideformsas slender, discrete rodsthat grow
from acentral nucleation point. Growing asisolated rods, the
MC carbide morphology hinders crack propagation. In com-
bination with theright type of metallic matrix (e.g., tempered
martensite), a high toughness AR iron can be manufactured.

MC (VC) Mechanical and Physical Properties

The hardness of this carbide varies from 2000 to 3000 DPH.
Researchershavenoted that the hardnessof thiscarbidevaries
with composition and, under the right conditions, can be
almost ashard astitanium carbide. Asamixed carbideformed
via a eutectic reaction, more likely, its hardness is around
2000-2500 DPH.

Asthe hardnessincreases so does the negative Gibbs Free
Energy of Formation as given in Table 5.1. Unfortunately, a

Fig. 5.14. Deep-etched SEM micrographs of a 2.3% C, 5% Mo AR cast iron. The top SEM shows the overall
carbide morphology. The iron is composed of about 10% MsC and 2% Mo,C carbides. The region enclosed
by the box is examined at higher magnifications in the middle and bottom SEMs. The Mo,C carbide is fibrous
and is poorly bonded to the M3C carbide. Cracks between the M3;C and Mo,C carbide are shown in the
bottom SEM.
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(Carbide Constituents, continued)

high GibbsFree Energy doesnot alwaysimply that thecarbide
will be inert. At heat treatment temperatures in excess of
800C, the vanadium carbide will be aggressively oxidized in
the presence of air.

Vanadium based carbides will be attacked by HNOs,
H,S04and HCIO,4 acidsbut remainrelatively unscathed when
immersed in HCI.

NbC Carbide Morphology

This unusual carbide is sometimes found in a few AR cast
irons. Itsappearanceisoften surrounded with somemystique.
Nevertheless, niobium carbide (NbC) is one of the easiest
carbidesto understand. First, it only appearsin the pureform.
Second, Nb haslittleor no solubility inthe other phasesfound
in AR castirons (i.e., yFe, M7C3 and M3C). And, third, since
itisinsolublein austenite and has ahigh negative Gibbs Free
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Fig. 5.15. Distribution of Cr and V in y-austenite and the

carbide phases in a V-alloyed AR cast iron. Vanadium will also

substitute for Cr and Fe atoms within the M;Cz and M3C

carbides. Conversely, V has very little solubility in the

austenite dendrite. (After Sawamoto, 1986)

Energy of Formation, it is quickly rejected by growing den-
drites, forming NbC quite early in the solidifying sequence.

When Nb is added to hypoeutectic AR cast irons at levels
below about 0.6%, it will formasthin, petal-likeclustersat the
centers of austenite dendrites. At Nb content above 1%,
primary NbC will start to form as compact, blocky carbides.
Figures5.17a-5.17c show the morphol ogy of these carbides.
In Figs. 5.17b and 5.17c, the austenite dendrite has been
dissolved away during the deep-etching procedureleaving the
eutectic NbC and primary NbC carbides exposed.

NbC Mechanical and Physical Properties

The hardness of NbC is sometimes considered greater than
that of theMC (VC) carbide. In practice, thetwo carbidesare
probably equivalent. If anything, the range of hardness re-
ported for NbC of between 2000 to 2500 DPH places it as
softer than the MC carbide.

Niobium carbide is very inert and stable. Most acids will
not dissolve NbC (even boiling aqua regia will not attack
powdered NbC); however, a mixture of HNOs; and HF will
cause gentledissolution. The carbideisalso relatively imper-
vious to oxidation, and will only start to oxidize at tempera-
turesin excess of 1100C (2012F).

TiC Carbide Morphology

Titanium carbide (TiC) isthe most inert and the hardest of all
the carbides. In AR irons, Ti will sometimes be added as an
inoculant to the melt. Onceinthe high-C melt (i.e., AR iron),
the free Ti will immediately form small, cubic particles of
TiC. As the rest of the iron starts to solidify, these small
particles act as nucleants for austenite and carbide growth.
Figure 5.18 provides a glimpse of their morphology within a
prior austenite dendrite.

TiC Mechanical and Physical Properties

The hardness and the Gibbs Free Energy of Formation are
both extreme for this carbide. Although a hardness value of
3100 DPH isoften quoted, itshardnesshasbeen foundto vary

Fig. 5.16. Deep-etched SEM micrographs of primary V carbides (VC), eutectic VC and a schematic of how a VC eutectic colony
might appear: (5.16a) primary VC; (5.16b) eutectic VC; (5.16c) schematic. (After Sawamoto, 1986)
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(5.17a)

(5.17¢c)

Fig. 5.17. Morphology of the Nb carbide; (a) schematic of a NbC eutectic cluster, (b) deep-etched
morphology of the eutectic NbC and (c) primary NbC surrounded by MsC carbides. (After Sawamoto,

1986 and Baik and Loper, Jr., 1988)

Fig. 5.18. Morphology of TiCs in a hypoeutectic AR cast iron.
The symbol B marks a TiC. The other carbide visible in the
deep-etched SEM micrograph is M;Cs. (After Sawamoto, 1986)

Morphology, Microstructures and Properties

from aslow as 1600 to as high as 3100 DPH. An interesting
study, using a50-gindentation load, showed alinear variation
of hardnessfrom 1900 to 2900 DPH, asthe composition of the
TiC was varied from TiCgg to TiCy, respectively. Most
likely, thetruehardnessvalueof TiC liessomewherebetween
2500 and 2900 DPH, making this the hardest of the carbides
coveredin Table 5.1.

Titanium carbide has the highest Gibbs Free Energy of
Formation of the carbides coveredin Table5.1. Aswould be
expected, TiC isvery stable and isresistant to most acids. A
combination of acids, e.g., HNO3 + HCl or HNOg3 + H,SO,,
will cause complete dissolution of TiC after a 24-hour soak.
Otherwise, TiC is extremely resistant to most forms of envi-
ronmental attack.
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Graphite Constituents

Although graphiteisnot often considered aconstituent of AR
cast irons, it does play avita role in many applications that
require good abrasion resistance and good thermal shock
characteristics. In regard to thermal shock, the presence of a
few flakes of graphite act as “expansion” joints within the
iron, thereby alowing large thermally induced strains to be
absorbed within the iron, without cracking the structure.

Inmost AR cast irons, graphiteisnot adesirable constitu-
ent. Figure5.19 showssuch acase, wheregraphitewasformed
in a very high-silicon pseudo-Ni-Hard composition. Addi-
tionally, mixed graphitic/carbide wear irons are sometimes
made by changing the morphology of the graphite constituent
fromflaketo nodule. Inthiscondition, theiron will have high
toughness and moderate wear resistance, albeit, quitelow, as
compared to nongraphitic AR irons.

Table5.2 presentstherelevant engineering datafor graph-
ite. Thepresenceof graphiteintheiron’ smicrostructureisthe
mechanical equivalent of having holes or voidsin your cast-
ing. For example, with a hardness of around 20 DPH, the
compressive or tensile strength of graphite is practically nil.
Onafracture mechanicsbasis, flakesand nodulesact assharp
cracks and voids, respectively. Given achoice, it isfar better
to have a small void rather than a sharp crack in the iron's
structure (much like the difference between flake and ductile
gray iron).

Onapositivenote, graphite providesan effective meansto
impart good thermal shock resistanceto AR castirons. Thisis
important to foundries producing rolls for hot-strip rolling
mills.

Fig. 5.19. Graphite flakes in a low-alloy, high-Si AR cast iron.
The iron’s composition is 3.1% C, 2% Si, 4% Ni and 2.5% Cr. If
Mg is added as a ladle addition, these flakes become nodules.
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Metallic Matrix Constituents

The metallic matrix in AR cast irons is often a mixture of
several different ferrous phases. The primary phases are
austenite, martensite and pearlite. Depending on the volume
fraction of austenite, martensite, or pearlite, the hardness,
toughness and wear properties of the iron can vary signifi-
cantly.

The emphasis of this section is on this ferrous phase and
what one can expect interms of morphology, crystallography
and hardness. Each ferrous phase: austenite, ferrite and mar-
tensite, and the two most common nanocomposite phases of
pearlite and bainite are discussed. This approach provides
some perspective on how the metallic matrix fits into the
composite analogy for AR cast irons. Table 5.3 provides a
starting point for this discussion.

Austenite Morphology

Austeniteisthefirst phasetoforminal ASTM-specified AR
cast irons. An example of its dendritic morphology is shown
in Figs. 5.20a and 5.20b. The dendritic arms grow preferen-
tially according to thethermal gradient withinthe casting and,
to some extent, show how the alloying elements (C, Cr, S,
Mo, etc.) segregate during solidification.

Once solid, the austenite dendritesform acrystallineface-
centered cubic (FCC) structure. Figures 5.21a-5.21c show
how the FCC crystal structure might look on an atomic basis.
The atoms can be visualized as fitting into a unit cell having
a specific arrangement. This unit cell then forms arepeating
arrangement throughout the austenite dendrite.

In between the atoms of the FCC and, likewise, the body-
centered cubic (BCC), unit cellslieininterstitial spaces. The
size of these interstitial spaces are fixed by the crystal struc-
ture, beit FCC or BCC. In FCC austenite, interstitial alloying
elements, such as C or N, easily fit into these interstitial
spaces. Figure 5.21 showsthelocation of theinterstitial sites
most favored by C or N. The octahedral sitesfor the FCC unit
cell can theoretically accommodate atoms that are 0.52 ang-
stroms(A) or 0.52-10-19minradius. Thetypical ironatom has
aradiusof 1.28 A. Carbon atomshavearadiusof 0.77 A and,
therefore, must squeezed into the FCC lattice to obtain the
solubility referenced in Table 5.3.

The austenite FCC crystal structure is much more com-
plex than just the simple “sphere and stick” figure shown in
Fig. 5.21c. As mentioned in Chapter 3 on Heat Treatment,
depending on the temperature, the austenite FCC crystal
structure will have an equilibrium C content fixed by how
the atoms vibrate back and forth, due to thermal energy
(temperature) and other | atti ce perturbati ons caused by substi-
tutional alloying elements such as Cr, Mn, Ni, Mo, etc.
Considering these facts and the atomic radius of C, It is no
surprise that as the C content isincreased, the lattice spacing
of the austenite FCC crystal must also correspondingly in-
crease. ThisresultisshowninFig. 5.22, alongwiththesimilar
affect on the martensitic body-centered-tetragonal (BCT)
crystal structure.
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Depending ontheCr content of theaustenitematrix andthe
heat-treatment temperature, the C content of theaustenite can
vary from amaximum of 2.11% down to less than 0.3%. At
room temperature, the equilibrium solubility of Cinaustenite
isnearly zero. Nonequilibrium heating and cooling rates can
have a dramatic effect on the dissolved C content within the
austenite matrix.

Of all theelements, C hasthegreatest influencein stabiliz-
ing austenite at room temperature. Very simply, C has the
strongest effect on pushing the martensite start temperatureto
lower temperatures. If high-C austenite is hindered from
decomposing to pearlite asit cools to room temperature, the

Table 5.2
Graphite in AR Cast Irons
Chem-  Density Crystal- Mor- Hardness
Phase istry (g/cm3) lography phology (DPH)

Graphite 100% C 2.175 Hexagonal Flake or 15-40

nodule

(5.20b)

Fig. 5.20. Two magnifications of ferrous dendrites in cast
steel. (Micrograph courtesy of Ms. Elaine Thomas of Atlas
Foundry, Tacoma, WA)

Morphology, Microstructures and Properties

most likely dominant phasewill be austenite. Thisun-decom-
posed and un-transformed austenite is termed retained or
metastableaustenite. An exampl e of therel ationship between
retained austenite and C isgivenin Fig. 5.23.

Austenite Mechanical and Physical Properties

The hardness of retained austenite (all austenite at room
temperature in AR cast irons s retained austenite) is contro-
versia. Asgivenin Table5.3, the hardnessvariesfrom 250 to
500 DPH. This variation is due to a number of factors. For
example, the hardness of low-alloy austenite has been re-
ported to be between 250 and 350 DPH and high-alloy
austenite between 300 and 600 DPH.

iady-Cenered Cubic [BOL) Foce-Cantered Cublc (FOC)

o Fa phon
& Dgiphedesl RLEICES

(5.21c) lattice

Fig. 5.21. Schematics of BCC and FCC crystal structures in
iron. The open lattice schematics show the octahedral inter-
stices in BCC and FCC iron. The octahedral interstices in BCC
iron are about one-third as big as the FCC interstices. This
crystallographic feature explains much about the solubility of
C and N in ferrite versus austenite. (After Honeycombe and
Bhadeshia, 1995)
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Table 5.3

Ferrous Phases and Nanocomposite Mixtures in AR Cast Irons

Ferrous Chemistry (Wt%) Density Crystal- Mor- Hardness
Phase Major Alloying Elements Carbon Content (g/cms3) lography phology (DPH)
Austenite Cr, Ni, Si, etc. Max 2.0% 1150C (2100F) 7.84 FCC Dendritic 250-500
all can play a role in the Min. 0.8% 723C (1333F) (0.9% C)
chemical make up of austenite. (y-Fe is not an equi-
librium phase at room temp.)
Ferrite Ferrite will behave similarly to Max 0.02% 723C (1333F) 7.86 BCC Dendritic 215-270
austenite except for its much Min <0.00005% 20C (68F)
lower C solubility.
Martensite Follows the behavior of Max 2% C 7.63 BCT Lath-like 300-900
austenite. Min. >0.00005% C (0.9% C) or Plate-like
(lenticular)
Nanocomposite
Mixtures
Pearlite Just a simple compound of ~0.8% C. 7.78 Nanocom- Lamellar 250-450
ferrite and M3C. Higher C austenites posite of mixture of
will form discrete M3;C ferrite and ferrite and
carbide particles M3C M3C
surrounded by pearlite.
Bainite Just a simple compound of Formed from max 2.0% 7.7-7.8 Nanocom- Ferrite 350-600
ferrite and M3C that C austenite. posite of plates
nucleates and grows However, the resulting ferrite and (lenticular)
in a complex fashion. bainite follows the M3C interspersed
ferrite max/min limits on C with M3C
with the remaining C carbides.
dumped as M3C.
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Fig. 5.22. Variation of the lattice parameters of austenite (FCC)
and martensite (BCT) as a function of C content. (After
Roberts, 1953)

Thisvariationin hardnessasafunction of alloying content
(mainly carbon) is largely due to the unstable or metastable
nature of retained austenite at room temperature. When a
hardness measurement ismade, anindenter ispushed into the
austenitecrystal causing irreversible plastic strain. The auste-
nite around and underneath the indenter experiences on the
order of 10% plastic strain. Depending on the stability of the
retained austenite, this mechanica deformation will cause a
certain volume fraction of the retained austenite to transform
to hard, fresh martensite. The mechanical transformation of
austenite to martensite results in the formation of what is
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Fig. 5.23. Retained austenite in steel as a function of C
content. (After Roberts, 1953)

called strain-induced-martensite (SIM). This process is ex-
tremely important totheabrasi onresistance of many ironsand
will be covered in greater detail in Chapter 8 on Abrasiveand
Repetitive-lmpact Wear Performance.

It would seem only natural, depending on the stability of
the retained austenite and its penchant for the formation of
SIM, that room temperature hardness of retained austenite
would vary significantly. Most likely, thetrue hardness or the
hardnessof just austeniteand not SIM, ismuch softer than 600
DPH or eventhemaximum hardnessgivenin Table5.3 of 500
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DPH. Guidancefor thetrue hardnessof austenitecan befound
in hardness measurements made on highly stable austenitic
Mn aloys, eg., Hadfield steel, which has a hardness of
between 170 to 230 DPH.

The chemical stability of low-Cr austenite is nothing
specia and behavesidentically to that of normal stedl. It can
beeasily attacked with different typesof acids, e.g., HNOzand
HCl and iseasily corroded in environments containing mois-
ture. The exact opposite is true for high-Cr austenite.

The corrosion-resistant properties of austenitic stainless
steelsor, moreaccurately, austenitic corrosion-resistant steels
arewell known. At higher Cr content, the austenitic matrix is
nearly identical to that found in these steels and is quite
resistant to attack from HNOg3 (an oxidizing acid) yet can be
easily dissolved by HCI (a reducing acid). These chemical
properties are readily applied in the use of etchantsto reveal
microstructures (see Appendix F).

With proper aloying, itisnot difficult to create a high-Cr
austenitic matrix in an AR cast iron that is identical to one
formed in acorrosion-resistant steel. If the matrix Cr level is
above 11%, then atight, protective Cr,Oz oxidefilmwill have
afavorable chanceto form on the surface of the austenite and
provideabarrier tofurther oxidation. However, if thisCrlevel
is not maintained throughout the austenitic matrix, then se-
lected corrosive attack can occur. Thistype of selected attack
around depleted regions (e.g., carbides) can lead to higher-
than-predicted corrosion rates for the iron (see Chapter 9 on
Corrosive/Abrasive Wear Performance for greater details).

Ferrite Morphology

In hypoeutectic irons, the first phase to form is austenite or,
when the Cislow and the Cr high, ferrite. Whatever the case,
themorphology of thedendriteisthe same. For ferritetoform
during solidification in an AR iron, the iron’s composition
must fall on theferrite liquidus surface shownin Fig. 2.8. As
showninthe phase diagram, theformation of ferritegenerally
impliesthat the iron has alower C content than that of other
AR cast irons.

In understanding the ferrite BCC crystal structure, it is
useful to review the data available from the binary Fe-C
system (or in other words, at 0.0% Cr). In the Fe-C system,
ferrite has a maximum C solubility of 0.18% at 1496C
(2725F). As the iron cools, the solubility of C in ferrite
decreasesuntil, at room temperature, the maximum C solubil-
ity islessthan 0.00005%. Figure5.21 presentsafew schemat-
icsthat show where the carbon atomsfit into the BCC crystal
structure of ferrite. More completeinformationisprovidedin
Table5.3.

Thefundamental reasonthat ferritehassuch low C solubil-
ity (and, for that matter, N or any other small atom), is that
thereisvery littleroomfor theatomstofitintotheBCCcrystal
lattice. Just to put things into perspective, as in the FCC
austenitic structure, carbon fitsinto the BCC structure as an

Morphology, Microstructures and Properties

interstitial. In the ferrite BCC crystdl, interstitialsfit into the
octahedral intersticesasshownin Fig. 5.21. Theseinterstitial
sites are 1/3 as large as those for the austenite FCC crystal.
This huge difference accounts for the very limited solubility
of Cinferrite.

At higher temperatures, Cr expands the C solubility inthe
ferrite BCC structure. In ferrite (and, for that matter, austen-
ite), Cr atoms act as substitutes in the ferrite BCC structure.
Thenativecrystal structureof CrisBCC. It expandstheferrite
phase boundary with respect to C (conversely, it shrinks the
austenite phase field or loop). Because Cr expandsthe ferrite
loop or actsasaferritepromoter, it stabilizestheferrite phase.

Upon cooling to room temperature, it ispossibleto havea
2% C, 30% Cr AR castironhavingamicrostructureconsi sting
of ferrite and M;C; carbides. In this case, the ferrite at room
temperature is actually at equilibrium. However, it will be
supersaturated with C and, if heat treated within the range of
600 to 750C (1112 to 1382F), will decompose to pearlite.

Ferritecanasoformin ARironswhenlargeamountsof Si
are added to theiron. This mechanism is rather complex and
not well documentedintheliterature. During solidification, Si
iscompl etely rejected by the growing carbide. Consequently,
ahigh Si layer will surround the primary or eutectic carbides.
If the Cr content is high, then the austenite being formed will
then also below in carbon. Starting with low-C austenite, the
localized high-Si regions around the carbides will further
lower the dissolved C content in the austenite.

Whether ferriteisformed dueto ashiftinthe solidification
or due to solid-state transformation upon cooling to room
temperature is unclear. Nonetheless, large amounts of free
ferrite(i.e., ferritethat isnot locked up as pearlite) werefound
in an experimental iron having a chemical composition of
2.6%C, 2.6% Si and 20% Cr. Incommercial practice, follow-
ingcommercial alloy guidelines, solid-statetransformation of
austenite to ferrite will not be found.

Ferrite Mechanical and Physical Properties

In practical terms, ferrite is very soft. Of all the phases or
allotropes of iron, ferrite isthe softest. Although its hardness
can beraised by the addition of aloying elements, e.g., Cr, it
is basically soft, with hardness values between 215 and 270
DPH.

Chemically, the only real change of interest occurs when
Crisaddedinexcessof 11%. Atthesehigher levels, theferrite
matrix behaves almost identically to that of the austenitic
matrix (i.e., a corrosion-resistant steel).

Martensite Morphology

Abrasion-resistant cast irons can be cast having ferritic or
austenitic matrixes, but never martensitic matrixes. Thismay
sound a bit pedantic, but it focuses our attention on the order
of eventsin AR castirons. If theironiscast austenitic, theiron
hasthe possihility of transforming to martensite upon cooling
toroomtemperature, asnotedin Chapter 3on Heat Treatment.
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(Metal Matrix Constituents, continued)

Assuming that the cooling rate or hardenability is suffi-
cient, austenite will undergo a sudden lattice shift or crystal-
lographic arrangement. This shift is diffusionless and almost
instantaneous. The end result of this shift is that the FCC
crystal istransformed into another arrangement, called body-
centered tetragonal (BCT). What is most unique about this
transformation isthat it is diffusionless. The origina C con-
tent of the austenite is now the C content of the martensite.
Figure 5.24 gives an idea of the BCT crystal structure and
where the C atoms reside.

TheBCT crystal structure showninFig. 5.24 issimilar to
the BCC structure. The high-C content distorts the BCC
structure to such an extent that the structure is no longer
symmetric. As C is increased, the BCT structure becomes
more and more distorted (Fig. 5.25). This has the effect of
increasing the hardness of the martensite. Additionally, when
FCC austenite transforms to BCT martensite, a volume ex-
pansion occurs that is nominally around 4.3%. This volume
expansion isshownin Fig. 5.25. It isinteresting to note that,
as the C content of the austenite increases, the resulting
volume expansion, due to martensitic transformation, de-
creases. Nonetheless, thisdecreaseisfairly minor, compared
to the overall magnitude of the transformation.

In most cases, peoplejust assumethat avolumeexpansion
of 4% occurs as austenite transforms to martensite. Thisisa
good assumption asshowninFig. 5.25. It should be noted that
this volume expansion assumes 100% transformation of aus-
teniteto martensite. However, let’ stakean AR iron having a
30% CVF with an austenitic matrix having a C content of
0.8%. If 80% of the austenite matrix transformsto martensite
(i.e., 70% - 80% = 56% of the total structure will transform
from austenite to martensite), theiron will then expand about
2.4% (0.56 - 4.3% = 2.4%).

'F

3 Fe measi

.l ] I " -
#  Urishedes | b
EETNCE e - 5
L e F—r
L P L 1 ' L
CF - i
— i -

Fig. 5.24. The martensite BCT showing the octahedral sites
(marked as x, y and z) where C atoms can reside. Sufficient C
must exist to fully populate the z-set to create a stable BCT
crystal structure. (After Cohen, 1962)
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Thisdiscussion on the volume expansion during the trans-
formation from austenite to martensite is important to the
understanding of heat treating and wear performance of AR
castirons. Thatis, if thereisinconsistent transformationinthe
iron, extremely high tensile stresses will develop leading to
catastrophic failure, either in the foundry or in the field.

The morphology of the martensitic phase is typically
described as lath-like or lenticular. The image of alath asa
long and skinny rectangleiseasy to visualize. Theimage of a
lenticular plateis much harder to visualize. One way to think
of it is to visualize a double-convex lens or a long skinny
ellipsehaving sharp pointson both ends. Thetypeof morphol-
ogy that forms is determined by a number of factors. As a
general rule, Ni-Hards 1, 2and 4 will formlenticular or plate-
likemartensite, whilethe high-Cr ironswill tend toform lath-
like martensite.

Figure 5.26 shows some examples of lath-like martensite.
In Fig. 5.26a, very fine striations can be seen among the
secondary carbides of the destabilized iron. These striations
provide a weak description of the morphology of lath-like
martensite in high-Cr irons. It is easier to use the work
performed by Honeycombe and Bhadeshia (1995) on low-C
steel's showing the more characteristic lath-like structure, as
can be seenin Figs. 5.26b and 5.26¢.

In al cases, lath-like martensite is arranged in somewhat
parallel sheetswithinaformer austenitegrain. Thissheet-like
characteristic gives lath-like martensite high toughness. Be-
tween these sheets of martensite are fine layers of retained
austenite. These alternating layers of lath-like martensite and
retai ned austenite have been exploited to produce commercial
grades of high-strength, high-toughness steels.

Examples of lenticular martensite are shown in Fig. 5.27.
The formation of lenticular martensite is quite energetic and
results in one plate nucleating another plate, creating the
Zigzag pattern shown in Figs. 5.27a and 5.27b. It has been
speculated that microcracksareofteninitiated at the apexesof
theselenticular plates, dueto their rapid growth and tendency
to initiate at right angles from other plates.
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Fig. 5.25. As the C content of the austenite increases, the
volume expansion of the martensite formed from this austenite
decreases.
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Fig. 5.26. Morphology of lath-like martensite in (a, left) high-Cr iron and (b and c, right), in a low-C steel (0.16% C). Discerning
the martensitic morphology in the high-Cr iron is nearly impossible due to the presence of secondary carbides. (5.26a is
courtesy of K. Collins, Dept. of Energy, Albany Lab.; 5.26b: ¢ after Honeycombe and Bhadeshia, 1995)

Fig. 5.27. High-C martensite forms almost explosively. This burst phenomenon results in one martensitic
plate nucleating another, along preferred crystallographic planes. The characteristic morphology is that of
lenticular plates. The end result is the jagged pattern shown in upper left (a Ni-Hard 1 iron) and in lower right
(an iron having a composition of 1.8% C, 3% Mn and 2% Si). (After Honeycombe and Bhadeshia, 1995)

Morphology, Microstructures and Properties
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(Metal Matrix Constituents, continued)

If conditions are right for lenticular martensite, they are
alsoright for retained austenite. Astheamount of Cincreases
in the austenite, the martensite start temperature is lowered.
As the martensite start temperature is lowered, then the
austenitebecomesmorestable, and moreof itisretained upon
reaching roomtemperature. Ironsthat formlenticular marten-
sitewill naturally have a greater volume fraction of retained
austenite in the as-cast condition. As an example, lenticular
martensite can be seen in any high hardness as-cast Ni-Hard
1, 2 or 4 iron, adong with significant volume fractions of
retained austenite.

Martensite Mechanical and Physical Properties

Inwear irons, the most important property of martensiteisits
hardness. The hardness of the martensiteisdetermined by the
amount of distortion in the BCT crystal structure. Asthe C
content increases in the BCT lattice, the lattice distortion
increases (see Fig. 5.25). As the BCT lattice is distorted or
strained, itsresistance to dislocation movement increases or,
as given in Fig. 5.28, its hardness increases. In the simplest
terms, the C content of the martensite determinesitshardness.

Although extremely high martensite hardnesses are pos-
sible, asshownin Fig. 5.28, reality issomewhat different. As
the C content increases, it becomesmore and moredifficult to
transform the austenitic structure to one that is dominantly
martensitic. Consequently, the resulting microstructure fails
toachievewhat youmay believeshouldbeits“true” hardness.
For example, Fig. 5.29 shows the resulting hardness of an
austenitic structure that only partially transforms to marten-
site upon cooling to room temperature.

Martensite is not the most stable phase in ferrous-based
alloys. Duetoitshighly distorted BCT lattice structure, it has
a tendency to decompose to its baser constituents, such as
carbide and ferrite, or, if it isahigh-C martensite, to alower
C martensite, with the excess C precipitated out as carbide at
fairly low heat-treatment temperatures. As with most meta-
stable phases, this process of decomposition can be acceler-
ated by an increase in temperature.

The term for this temperature-accel erated martensitic de-
composition processiscalled tempering. Ascoveredin Chap-
ters3 and 4 on Heat Treatment and Hardenability, the temper
process allowsthe highly strained BCT latticeto rid itself of
afew C atoms, forming lower C martensite and epsilon (g)
carbide. If continued to equilibrium, the end result of this
process is the formation of a mixture of ferrite and carbide.

A sideeffect of thistempering processisthat themartensite
lattice will contract or shrink. As C is dumped from the BCT
lattice, the lattice contracts, resulting in a shrinkage of the
casting from its earlier distorted shape. This processis com-
monly used by heat-treatment specialists to remove warpage
in martensitic parts. Tempering typically softens martensite.
Nevertheless, depending onthealloy’ s C content and temper-
ingtemperature, theiron may harden. Figure5.30 showsaplot
of how the hardness of martensiteisaffected by thetempering
process.
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Fig. 5.28. The effect of C on the hardness of martensite. It
should be kept in mind that, as the C content increases, it
becomes more and more difficult to form martensite. In most

irons, the C content is between 0.4 and 1% C, yielding a range
of hardnesses from 700 to 940 DPH. (After Bain, 1939)
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Fig. 5.29. In most irons, complete transformation of austenite
to martensite rarely occurs. For example, if only 50% of the
austenite transforms to martensite, the resulting hardness of
the bulk matrix would be much softer than otherwise expected.
(After Hodge and Orehoski, 1945)
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Fig. 5.30. If very little retained austenite is present, tempering
will lower the hardness of fresh martensite. At the higher C
content (e.g., >0.8% C), tempering will also promote the
transformation of retained austenite to fresh, hard martensite,
yielding a small increase in hardness at temperatures just
above room temperature. At higher temperatures (above 100C/
212F) and higher C content (e.g., 1.4% C), an increase in
hardness may result due to the formation of epsilon carbide.
(After Lement et al., 1954)
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Asmight be expected, the chemical stability of martensite
ismuch less than that of austenite or ferrite, duetoits highly
strained state. When exposed to acids (for example a dilute
solution of HNOg), the martensitic phase will be readily
dissolved in preference to austenite or ferrite. The end result
of this process allows the metallographer to clearly confirm
whether or not martensite is present within the alloy.

Nanocomposite
Phase Morphology

Pearlite and bainite are often considered asindividual phases.
Inreality, they areactually nanocompositesof ferriteand M 3C
arranged in different morphologies. (The size of the carbide
phasepresent in pearliteand bainiteisonthescaleof hundreds
of nanometers.) We have already discussed AR cast irons as
being composites of carbides and a ferrous matrix, and it is
useful to start the discussions on pearlite and bainite fromthe
same viewpoint. That is, we have actually defined al of the
major phases and constituents of AR irons (and, for that
matter, all other ferrous alloys). Therest of this chapter will
focus on the combination of these phases and constituentsto
form higher-level microstructures (e.g., pearlite or an actual
AR iron).

Pearlite Phase Morphology

Pearlite has been said to be the most familiar microstructural
featurein the whol e science of metallography. In 1887, H. C.
Sorby wasthefirst to microscopically observe “ pearlite” and
correctly assumethat it wasalamellar mixtureof ironandiron
carbide. The name pearlitearisesfromitsluminescent optical
appearance, much like the inside surface of an oyster shell or
mother-of-pearl. Figures5.31a-5.31c providesomeexamples
of this morphology.

Ascoveredin Chapter 3onHeat Treatment, pearlitegrows
by a diffusion-controlled process. Pearlite colonies nucleate
andgrow from austenitegrains. Thekey tothisgrowth process
is the high mobility of carbon. Because ferrite will tolerate
almost no carbon, the difference between the austenite’'s C
content must be “dumped” when forming the M3C carbide.

It is relatively easy to calculate the amount of carbide
formed withinthe pearlite microstructure. (For simplicity, we
will assume that the density of the original austenite, ferrite
and carbide are approximately similar.) At the eutectoid, the
C contentis0.8%. Then, using asimpleform of thelever rule
and logically assuming that the C content of ferrite is zero:

Pearlite CVF = 0.8/ 6.7 = 12% (5.1)

The morphology of the pearlite will always consist of
layersof carbideandferrite. The spacing betweentheselayers
is controlled by complex relationships between alloying and
temperature, which are well covered in any basic metallurgy
textbook. However, for completeness, some rules of thumb
aregiven for controlling theinterlamellar spacing in pearlite:

Morphology, Microstructures and Properties

,/////7/;///{_///4%

A
4

AT RIIISS

Fernie

74
syl a

A AL SIS S AL LSS TS,

(5.31a)

(5.31c)

Fig. 5.31. Pearlite is the most common nanocomposite phase
found in steels and irons. Its structure is defined by a lamellar
arrangement of cementite or FezC and ferrite. For AR irons, (b)
shows the classic pearlitic morphology in a high-Cr iron (3%
C, 15% Cr) after heat treating for 12 hr at 650C (1202F). At
much higher magnifications (20,000X) (c), the lamellar
microstructure can be seen.
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» Because the spacing between the carbide plates is
controlled by thediffusion of C (Cisamost completely
rejected from theferrite and hence, can only gointo the
carbide), temperature has a dominant effect on the
pearlite morphology.

» Ingenera, coarse pearlite is formed at high tempera-
tures, while finer pearlite is formed at lower tempera-
tures.

» Alloying elements, such as Cr, Ni, Mo and Mn, also
haveapowerful effect on pearlite refinement by affect-
ing the nucleation and growth of pearlite.

Needlessto say, the morphol ogy of pearlite can betailored
by alloying and thermal treatmentsto achieve awiderange of
mechanical properties.

Pearlite Mechanical and Physical Properties
Thehardnessof pearliteistypically not much of aconcernfor
producersand usersof AR castirons. Table5.3 showsarange
of 250t0 450 DPH for pearlite. Pearlitic hardnessiscontrolled
by theinterlamellar spacing of the ferrite and carbide layers.
Pearlite with extremely fine layers of carbide will give a
higher hardness than will pearlite with extremely coarse
layers. Commercially produced pearlitic ironswill also typi-
cally contain some austenite and, maybe, a bit of martensite.
Thismultiplicity of phases makesit very difficult to pinpoint
the actual hardness of the pearlite phase.

The chemical stability of pearlite followsthe behavior for
that of ferrite and M3C carbide. When chemically attacked,
the ferrite will dissolve, first producing the optical image
shown in Fig. 5.31b.

Bainite Phase Morphology

Bainite, named after its discoverer E. C. Bain, is another
nanocomposite structure composed of ferrite and carbide. In
perspective, pearlite has a high temperature reaction occur-
ring between 500 and 750C (930 and 1380F), whilemartensite
has a very low temperature reaction starting at temperatures
around 250C (480F). This leaves a wide range of tempera-
tures, from 250 to 500C (480 to 930F), in which neither of
these phases form. This is the bainitic region, where fine
aggregates of ferrite plates (or laths) and MsC particlesform.

Bainite has characteristics of both pearlite and martensite.
For example, the growth of the ferrite phase is only partly
controlled by C diffusion. Consequently, bainite will grow
about an order of magnitude faster than would be expected if
it was based strictly on C diffusion. Thisfaster growth rateis
attributed to the ferrite’ smorphology. AsshowninFig. 5.32,
asmall sub-unit (or ferritedliver) isnucleated and growsalong
a preferred crystallographic plane. During its growth, C is
only partly dumped into the surrounding austenite. Immedi-
ately after itsgrowth, wewould find theferritelath supersatu-
rated with carbon. Subsequent to further growth, the ferrite
lath must dump Cintothe surrounding austenite or form small
carbide particles, which, for our highly aloyed irons, are
M3C. By growing as a small sliver of supersaturated ferrite
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without being totally dependent on C diffusion, bainitehasthe
unique distinction of having a growth rate between that of
pearlite (i.e.,, completely dominated by C diffusion) and
martensite (i.e., diffusionless transformation).

When the term bainite is used, one can also specify it as
upper or lower. Although bothformscanbepresentin AR cast
irons, both forms are still comprised of ferrite and carbide,
albeitindifferent morphological arrangements. Upper bainite,
which will form, logically enough, at higher temperatures, is
acoarser mixture than that of lower bainite, which isformed
at lower temperatures. Since bainitic AR cast irons are not
industrially prevalent, our discussion of bainite will be brief.

The transformation of austenite to bainite results in a
volume expansion of about 3%. This transformation is quite
aggressive and causes large distortions within the parent
austenite matrix. Figure 5.33 provides an example of the
severity of thistransformation. Inmany respects, itisidentical
to that of the martensitic transformation, except that it occurs
at much higher temperatures. Since it does occur at higher
temperatures, someof thetransformation strainisrelaxed due
to dislocation movement.

The morphology of bainite looks quite similar to that of
plate or high-C, lenticular martensite. For example, Fig. 5.34
showsan exampleof abainitic AR castironand, if youdidn't
know it, you might say that it was martensite and not bainite.
Theferrite platesetch similarly to martensite, i.e., both phases
are readily dissolved by acids. The result of this metallo-
graphic process is to make the ferrite plates appear dark
against the relatively unattacked austenite phase

In AR irons, the complete transformation of austenite to
bainiteis extremely difficult dueto their high-alloy contents.
As mentioned in Chapter 3 on Heat Treatment, the bainitic
start temperature is easily depressed by C, Mn, Ni, Cr and
Mo—all elements commonly found in AR cast irons. If
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Fig. 5.32. Schematic illustration of bainite growth (from t; to t,)
within an austenite grain. Initially, only a small ferrite subunit
forms (t1). As growth progresses, carbide is formed and a full
bainite sheaf appears (t;). (After Honeycombe and Bhadeshia,
1995)
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bainite is observed in an AR iron, it will represent only a
portion of the metallic matrix and, as said by Maratray and
Usseglio-Nanot (1971), “it is not possible to get more than
50% bainite, even after long holding times.”

Bainite Mechanical and Physical Properties

The hardness of bainite is quite varied depending on the
transformation temperature and the amount of C inthe auste-
nite, prior totransformation. Consideringitsvariability noone
hardness number can be quoted for bainite.

The chemical inertness of bainite is similar to that of
martensite. It is easily attacked by most acids since, like
martensite, it is a highly strained structure. Interestingly
enough, bainite is resistant to tempering. Since the bainitic
structureiscomposed of ferriteand carbide, alow temperature
temper (below 250C or 482F) has little effect on the micro-
structure and hardness of bainite. At higher temperatures, the
carbides embedded or between the ferrite plates will tend to
coarsen and some degradation of hardness will resullt.

Fig. 5.33. Bainite morphology in a medium-C steel. The
surface was first polished and then transformed to bainite. The
transformation from austenite to bainite results in localized
distortion. (After Honeycombe and Bhadeshia, 1995)
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Metallic Matrix Microstructures

We have covered the basic building blocks of AR cast irons.
The purpose of the following sectionsis to show how these
fundamental constituents and phases can be arranged to form
thewiderangeof in-situ metallic compositesotherwiseknown
as AR cast irons. Some comments will be made about hard-
ness, toughness and wear characteristics as they relate to
microstructure; however, specific, alloy-dependent mechani-
cal and wear datawill be given in Appendix B.

M3C Eutectic Carbide Category

M3C eutectic carbides characterize this group of irons. De-
pending on the ferrous matrix phase, the iron is classed as
pearlitic or as a Ni-Hard. Pearlitic irons are self-descriptive
while the Ni-Hards require some explanation. The metallic
matrices of Ni-Hard 1 and 2 are mixtures of austenite and
martensite. The proportion of austenite versus martensiteisa
function of thealloy chemistry and itscooling rate subsegquent
to solidification (see Chapter 4 on Hardenability). Regardless
of theirons’ matrix phase, the M3C carbide network strongly
influencesboth themicrostructureand mechanical properties.

Pearlitic AR Cast Irons

Figures 5.35a-5.35c show examples of how the constituents
of apearlitic AR castironfit together. Although thiscomment
may seem redundant, the secret to understanding AR cast
ironsisto understand how the carbidesand matrix fit together
to form the iron as a whole. The carbides should always be
thought of as a separate hard phase. Heat treatments merely
change the proportion or type of phase present inthe metallic
matrixX.

In the case of pearlitic AR irons, heat treatments usually
consist of a stress relief and rarely reach into the realm of
causing wide-ranging changes in the microstructure of the
matrix. Onedirect way to change the mechanical behavior of
this class of ironsis to change the carbide volume fraction

P o

Fig. 5.34. Bainitic high-Cr AR cast iron (2.6% C, 12.4% Cr, 1.2% Mo) after duplex heat treatment
consisting of a 1000C (1832F) destabilization, followed by a 24-hour hold at 250C (482F); and a low-Cr
AR iron containing a mixed microstructure of M3C carbide, nodule graphite and ferrous matrix. The
metallic matrix in both irons is a mixture of bainite and austenite. The dark, lenticular structures are
the easily etched bainitic phase, while the more resistant austenite phase remains unattacked and
appears much lighter. (After Maratray and Usseglio-Nanot, 1970, and courtesy of United Foundries)
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(5.35a) standard optical 2D view

. gy 7

b‘

(5.35c) high resolution image of pearlite matrix

Fig. 5.35. Constituents of a pearlitic AR cast iron.
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(CVF). Increasing the alloy’s CVF is accomplished by in-
creasing its C content. Figures 5.36a-5.36¢ provide alook at
the relationships between C content (CVF) and mechanical
properties for pearlitic irons. As the CVF increases, the
hardness logically increases and, as might be expected, the
toughness of theiron decreases. The decreasein toughnessas
the CVF increases is due to the brittle nature of the M3C
carbide. Thisisafixed relationship for pearlitic irons.

Pearlite lamellar spacing can also influence the toughness
of theiron, to alessor degree. Control of lamellaspacingisa
function of cooling rate and aloying as detailed in Chapter 4
on Hardenability. Moreextensivemechanical property datais
provided in Appendix B.

To reaffirm this message about the linkage of microstruc-
tureto mechanical properties, Fig. 5.37 showsthe one-to-one
relationship between C content and hardness in pearlitic AR
cast irons. There will always be a hardness variability in the
final product due to differencesin cooling rates between the
irons and, in these very low alloys, the potential to form
graphiteduring solidification (albeit marginal,inmost cases).
Considering these limitations, the graphical fit shownin Fig.
5.37 isactually quite good.
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Fig. 5.36. The mechanical properties of pearlitic AR cast irons
are tied directly to the iron’s CVF since the matrix varies only
slightly as function of alloy content.
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The reason we have some success in predicting the hard-
ness based on the aloy’s C content is twofold. The main
reasonisthat thematrix ispearlitic. Second, thealloy must be At A AL
chill-cast to obtain its carbide structure. As such, the carbide L & v il
structureincreaseslinearly asthe C contentisvaried. Oncethe ; [ : 2 "
discussion moves to irons that are not chill-cast and have : ' :
matricesthat are mixtures of austenite, martensite, pearlite or
bainite (next section), it will befound that simple predictions
about mechanical properties are difficult.

Ni-Hard 1 and Ni-Hard 2 AR Cast Irons

Although Ni-Hard 1 and 2 irons are typically used in the as-
cast or as-cast-and-tempered state, their matrix microstruc-
ture varies based on subtle changes in aloy chemistry and
coolingrate. Theeutectic MsC carbidesremaininert whilethe
metallic matrix changes from austenite to a mixture of auste-
nite, martensite and—if the alloy chemistry is excessively
lean (e.g., low on Ni) and/or the cooling rate excessively
sow—pearlite. In the Ni-Hard alloys, a number of different
matrix microstructures are possible.

Figures5.38a-5.38c show the microstructure of aNi-Hard
1 dloy. The microstructure is essentialy a mixture of M3C
carbides, martensite and austenite. The ratio of these three
phases control s the mechanical response of theiron. Consid-
ering that most foundriesstrivefor thismixed microstructure,
effortswill be focused on describing how variationsin CVF,
martensiteand austenite affect the bulk mechanical properties
of Ni-Hard 1 and 2.

The large martensitic plates within the austenite dendrite
are characteristic of the matrix microstructures found in the
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Fig. 5.37. Hardness in pearlitic AR cast irons is estimated
using a simple rule-of-mixtures calculation. The hardness
follows the U.K. specification for this iron, which is from 350 to
500 HB for C content that ranges from 2.4 to 3.9%. Hardness
values for the pearlite and carbide phase were estimated from
Tables 5.1 and 5.3. Fig. 5.38. Constituents of a Ni-Hard 1 AR cast iron.

(5.38¢) high resolution image of martensite/austenite matrix
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(Metallic Matrix Microstructures, continued)

Ni-Hardfamily. If theorigin of theaustenitephasewastraced,
it would be found that its C content is near the maximum
solubility limit of 2% (see Chapter 2 on Solidification). Asthe
iron cools, someof this Cisdumped from the austenite matrix
into proeutectoid M3C carbides (known as M3C secondary
carbides). The quantity of secondary carbides formed in the
Ni-Hard aloy is dependent, primarily, on the cooling rate.
That is, slower cooling allows greater nucleation and growth
of secondary carbides. This results in a lower dissolved C
content intheaustenite. Typically, depending on section size,
shakeout temperature and alloying, the austenitewill haveaC
content somewhere around 0.6% asit approachesthe marten-
site start (M) temperature.

Withitsrelatively high C content, the Mstemperature will
be depressed forming more plate-like, lenticular martensite
thanlath-like martensite. Moreover, sincewearedealing with
high-carbon austenite, the transformation to martensite will
be incomplete and significant fractions of retained austenite
will remain within the microstructure. In many commercial
irons, themicrostructureisprimarily austenitic. Thisaustenite
is very unstable and easily transformed to hard martensite
upon impact loading or severe abrasive wear. This can be a
mixed blessing, with wonderful results under straight abra-
sive wear or disastrous results under high impact conditions.
The stability of retained austenite and its effect on abrasion
and impact is covered in subsequent chapters.

Figure 5.39 provides an overview of how the hardness of
Ni-Hard 1 and 2 can vary as afunction of the aloy’s CVF.
Because the CVF isdetermined by the aloy’s C content (see
Chapter 2, Solidification), it makessensetoview thehardness
of the alloy on the basis of CVF and matrix microstructure.
This concept moves us away from viewing hardness or other
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Fig. 5.39. Hardness relationship between CVF and the matrix
microstructure in Ni-Hards 1 and 2. The circles are hardness
data from Ni-Hards 1 and 2 castings. The hardness boundary
lines were constructed using a rule-of-mixtures formula based
on individual constituent hardness values estimated from data
given in Tables 5.1 and 5.3. The dashed vertical lines show the
ASTM Type IA (Ni-Hard 1) carbon limits.
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mechanical properties as being determined by the aloy’s
chemistry.

Boundaries are provided on Fig. 5.39 showing hypotheti-
cal limitson hardnessfor the Ni-Hard 1 and 2 family of irons.
As can be seen, the low-alloy Ni-Hard family can take on a
broad range of hardnesses by varying the proportion of auste-
nite to martensite at any given CVF. This relationship is
directly shown in Fig. 5.40 where theratio between austenite
to martensite is varied as the CVF is held constant.

Besides the hardness variability associated with micro-
structural phases, hardness variability is also introduced by
the carbide morphology. For example, if the hardness mea-
surement is taken on the surface of a small casting, it is
possible that the surface will have the characteristics of a
chillediron, whilefarther away from the surface, the carbides
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Fig. 5.40. The effect of varying the proportion of austenite
versus martensite in a low-C Ni-Hard 2 iron (approximate CVF
=20%). At 0% martensite, the matrix is assumed to be 100%
austenite. (After Cox, 1989)
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Fig. 5.41. A chilled microstructure will typically yield higher
hardnesses than a nonchilled microstructure. Data was
gathered from a Ni-Hard 1 keel block iron having a compo-

sition of 3.2% C, 1.1% Si, 4.3% Ni and 1.8% Cr that was
subjected to 18 different heat treatments.
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will belarger and morediscrete. ThisbehaviorisshowninFig.
5.41 where hardness data was taken at the tip of akeel block
and then taken about 1 inch back from the keel. All hardness
dataisfromsimilar Ni-Hard 1 compositions(3.2%C, 1.1%Si,
4.3% Ni and 1.8% Cr) that were subj ected to 18 different heat
treatments. The purpose of this investigation by Rote et al.
(1951) wasto construct aTime-Temperature-Transformation
(TTT) diagram.

Because a chilled microstructure is aways present in
chilled cast irons, variation in hardness measurements due to
carbide size is not always noticed. In thin-section AR cast
irons, the surface microstructure takes on the characteristics
of achilledironwith many small carbides. Farther away from
the surface, larger more discrete carbides form. Higher
hardnesses will typically result from finer microstructures.

For decades, attempts have been made to break up the
continuity of the M3C carbide network in Ni-Hard 1 and 2
irons and thereby improve theiron’ stoughness and, perhaps,
its abrasion resistance. One technique is to force the iron to

(5.42b) 400X

Fig. 5.42. Mixed carbide and graphite eutectic morphology in a
matrix of bainite and martensite. The composition is 3.1% C,
2% Si, 4.4% Ni, 2.6% Cr, with a ladle addition of 0.02% Mg.
While the hardness is adequate at 620 HB, the abrasive wear
resistance was quite poor due to the iron’s lower CVF (13%,
whereas, without graphite, it would be 23%) and the presence
of very soft graphite that is easily pulled out during abrasive
wear.

Morphology, Microstructures and Properties

solidify with both carbide and graphite by increasing the
iron's S content.

An example of such an iron is shown in Figs. 5.42a and
5.42b. Thisiron wasinoculated with Mg to produce nodular
graphite. Although the M 3C carbide network isbroken up, the
mechanical property results are not very spectacular. Hard-
ness is still adequate, in most cases, but the wear resistance
doessuffer significantly. For example, using the pin-on-drum
abrasion test (see Chapter 8, Abrasive and Repetitive-lmpact
Wear Performance), a high-C Ni-Hard 1 (3.6% C) gave a
value of 0.27 mm3/m (volume loss of material per meter of
abrasive path traversed), while the graphite-modified Ni-
Hard gave a value of 0.43 mm3/m. In comparison, a 1% C
forged steel ball with an estimated hardness of around 750HB
yielded avalue of 0.61 mm3/m. (Note: lower valuesindicate
better abrasion resistance.) More complete mechanical and
wear property data are provided in Appendix B.

Thereal value of breaking up the continuity of the carbide
network is in increasing the impact toughness of the iron.
Without going into too many details, the graphite-modified
iron had superior repetitive-impact resistance (spalling resis-
tance) with a value of 0.14 mm3/impact (see Chapter 8
Abrasiveand Repetitive-Impact Wear Performance) inaball-
on-ball impact test, while the forged steel materia had a
spalling resistance of 0.23 mm3/impact. (Note: lower values
indi cate better repetitive-impact resistance). Some advantage
isgained by modifying the carbide network in Ni-Hard 1 and
2; however, the sacrifice in abrasion resistance is often too
high a price to pay for most applications.

Since Ni-Hard 1 and 2 can have a variety of matrix
microstructures and CVFs, their strength and toughnessvary
significantly. Mechanical property data on Ni-Hard 1 and 2
are extremely limited and this lack of data prevents the
creation of property maps showing broad trends. Table 5.4
presentsalisting of theavailabledataon Ni-Hard 1 to provide
some insight into how microstructure affects mechanical
properties.

As shown in Table 5.4, it is difficult to make definitive
statements about the rel ati onships between CV F and bending
strength or fracturetoughness. Likewise, itishard to say what
type of matrix microstructure will provide the best strength-
to-toughnessratio. Thisisunfortunate. This state of affairsis
somewhat remedied by the much more completeinformation
availableforthehigh-Crirons, later inthechapter. Muchmore
extensivedataisavailablelinking microstructureto mechani-
cal propertiesfor thisclassof irons. Moreover, many of these
correlations are directly applicable to the Ni-Hard 1 and 2
irons. High-Cr irons have mixed matrix microstructures of
austenite, martensite, pearlite and bainite much as Ni-Hard 1
and 2 and, as covered, the CVF can similarly vary depending
onalloy content. Themain differencebetweenthetwo catego-
ries of iron is the carbide type (i.e., M3C versus M;Cy). If
allowancesaremadefor carbidemorphol ogy, thenthedatafor
the high-Cr irons can be safely used to understand the general
trends between microstructure and mechanical propertiesin
Ni-Hard 1 and 2.
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(Metallic Matrix Microstructures, continued)

Table 5.4
Microstructural/Mechanical Property Data for Ni-Hard 1

Sample Thermal Micro- Hard- Bending Impact Fracture

Alloy® Chemistry Geometry History structure CVF ness HB Strength Energy Toughness (Kic)

Al 3.5%C, 22 mm dia. rod; As-cast Aus. with 32 460 375 Mpa® 23
0.5% Si, as-cast some Mart. (55 ksi) Joules®  —
4.1% Ni, surface.
1.3% Cr

A2 3.5%C, 22 mm dia. rod; Destabilized  Untempered 32 630 600 Mpa® 21 —
0.5% Si, as-cast and air Mart. with (90 ksi) Joules®)
4.1% Ni, surface. Cooled some residual
1.3% Cr Aus.

A3 3.5%C, 22 mm dia. rod; 500C (932F) Bain. and 32 660 470 Mpa®@ 18 —
0.5% Si, as-cast hold and air Mart., very (70 ksi) Joules®
4.1% Ni, surface. cooled low retained
1.3% Cr

Aus.

B1 3.3%C, Samples were n.a. Bain./Mart. 28 550 n.a. n.a. 224
1% Si, cut from with some Mpavm
4.5% Ni, 670-mm graphite. 20 ksivin.
1.3% Cr dia rolls.

B2 3.5%C, Samples were n.a. Mart. With 32 600 n.a. n.a. 224
0.8% Si, cut from some Mpavm
5.0% Ni, 670-mm graphite. 20 ksivin.
1.9% Cr dia rolls.

C1 3.7%C, Sand cast as As-cast n.a. 36 610 n.a. n.a. 260)
0.8% Si, 5-mm thick Mpavm
4% Ni, plates. (chill 24 ksivin.
2.1% Cr cast structure)

Cc2 3.7%C, Sand cast as 275C (525F) n.a. 36 580 n.a. n.a. 260)
0.8% Si, 5-mm thick and air Mpavm
4% Ni, plates. (chill cooled 24 ksivin.
2.1% Cr cast structure)

C3 3.7%C, Sand cast as 450C (850F) n.a. 36 670 n.a. n.a. 196)
0.8% Si, 5-mm thick and Mpavm
4% Ni, plates. (chill 275C (525F) 17 ksivin.
2.1% Cr cast structure)

D1 3.2%C, n.a. As-cast Aus. and 26 550 n.a. n.a. 246)
0.6% Si, Mart. Mpavm
3.9% Ni, 22 ksivin.
2.2% Cr

Microstructure: Mart. = martensite; Aus. = austenite; Bain. = bainite.

(1) A = Data from Parent (1972); B = Eriksson (1973); C = Sare (1979); D = Diesburg and Borik (1974).

(2) Bending strength test was performed on 22 mm dia. rods with a support span of 290 mm.

(3) Impact test not described.

(4) ASTM compact tension specimen with fatigue precrack; a high-quality fracture toughness.

(5) Double-torsion bend test; no precrack. As a comparison, low carbon Ni-Cr-Mo steels gave values of around 80 Mpavm (70 ksivin.).

n.a. not available.
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M;C3 Eutectic Carbide Category

Ni-Hard 4 AR Cast Irons

This alloy represents the start of awhole new class of irons.
The crucia difference between classes is that the eutectic
carbides are of the M;Cs type versus M3C for the lower alloy
irons. Barring this one difference, the irons are more similar
than dissimilar. The matrix microstructure of Ni-Hard 4 is
nearly identical tothat of theNi-Hard 1 and 2ironscontaining
amixture of martensite and austenite.

Figure 5.43a shows the general microstructure of a Ni-
Hard 4 iron. In this case, the as-cast matrix microstructure is
more austenitic than martensitic due to the aloy’s higher-
than-average Ni and Mn contents. In Fig. 5.43b, plates of
martensite can be seen in the spaces between the eutectic
carbides and occasionally venturing out into the former aus-
tenitedendrite. Correctly alloyed and cooled, Ni-Hard 4 irons
will have amounts of retained austenite similar to that found
inthe Ni-Hard 1 and 2 irons.

Themicrostructure of as-cast Ni-Hard 4is composed of an
M-C; eutectic carbide network with ametallic matrix that is
amixture of retained austenite, martensiteand just afew M3C
secondary carbides(e.g., seeFig. 5.4b). If theironissubjected
to a destabilization heat treatment, the matrix microstructure
becomes significantly different. After heat treatment, the
matrix becomes heavily populated with secondary carbides
and results in the austenite C content being lowered from
around 1.6% to 0.9% C. On avolume fraction basis, 0.7% C
results in the formation of 10% M3C carbide within the
austenitedendrite. Thisisalot of carbide. Asan example, Fig.
5.44a shows the same iron as that shown in Fig. 5.43a after
heat treatment.

An interesting feature of Fig. 5.44b is that a significant
fraction of retained austenite still remains after heat treating
(thelight regions shown between the M ;Cz eutectic carbides).
Higher-than-expected retained austenite content in Ni-Hard 4
alloysareduetothealloys' higher Ni content (5-7%). Theuse
of Ni iscritical to obtain a hard as-cast microstructure in the
Ni-Hard family; however, if theironisheat treated, as shown
in Fig. 5.44, the presence of high levels of Ni within the
austenite dendrite will tend to stabilize the remaining austen-
ite (Ni iscompletely rejected by the carbide phase) and hinder
its transformation to martensite by depressing the martensite
start temperature. Consequently, it is very difficult to obtain
fully martensitic microstructures in Ni-Hard aloys at room
temperature. Asaresult, subzero heat treatmentsare effective
for Ni-Hard 4 alloys and, to some extent, for Ni-Hard 1 and 2
aloys.

The heat-treated iron shown in Fig. 5.44 hasamicrostruc-
turethat is significantly different than that of the as-cast iron
showninFig. 5.43. Quantitatively, Fig. 5.45 providestwo pie
charts that directly compare the as-cast and heat treated
microstructures. Thebiggest differenceliesinthetransforma-
tion of austenite to martensite and the increase in M3C
secondary carbides from 3 to 10%. When combined, these
changesresult in the as-cast hardnessincreasing from around
450 HB to over 700 HB in the heat-treated condition.

Morphology, Microstructures and Properties

Thisincreasein hardness presents an interesting interplay
between the microconstituents of the iron during heat treat-
ment. Many researchers report hardness as a function of
retained austenite or martensite. It is actually more complex
than just asimple ratio between austenite and martensite. As
showninFig. 5.43, whenausteniteistransformedinto marten-
site, we are actually creating a nanocomposite materia of
nanometer sized MsC carbides that are embedded in amatrix
that is dominantly martensitic. The presence of these tiny

(5.43b) 1000X

Fig. 5.43. Microstructure of a Ni-Hard 4 in the as-cast con-
dition. The iron’s composition is 2.9% C, 1.8% Si, 5.8% Ni, 1%
Mn and 8.4% Cr. The iron was cast as a 75-mm ball in a sand
mold and had an as-cast hardness of 450 HB. Typical hard-
nesses for Ni-Hards are between 550 and 700 HB. The alloy’s
lower-than-expected hardness is due to its higher-than-normal
levels of Ni and Mn (which increases the alloy’s retained
austenite content). Etched in 2% nital.
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(Metallic Matrix Microstructures, continued)

(5.44c) 1200X, deep-etched in aqua regia and 2% HF

Fig. 5.44. Microstructure of a Ni-Hard 4 composition, similar to
that shown in Fig. 5.43 after a destabilization heat treatment at
750C (1380F). The iron has a tremendous quantity of MsC
secondary carbides after heat treatment. Essentially, we have
a microcomposite structure (eutectic carbides and metallic
matrix) with the matrix further subdivided into a nanocom-
posite structure of secondary carbides and matrix.
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carbides within the ferrous matrix significantly affects the
toughnessof theiron. Asaruleof thumb, heat-treated Ni-Hard
4 will aways belesstough than as-cast Ni-Hard 4 (say about
10% less). Exact toughness numbers for as-cast and heat-
treated Ni-Hard 4 can be found in Appendix B.

As in Ni-Hard 1 and 2, the CVF can be increased or
decreased by adjusting the C content of thealloy. Figure 5.46
providesanideaof therange of hardnessthat can be expected
in Ni-Hard 4, based on the alloy’s C content.

r:wﬂ Eutectic MTC3
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heat-treated Ni-Hard 4 []
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Fig. 5.45. The proportion of microstructural components are
dramatically changed by heat treatment. After heat treatment,
the volume fraction of martensite increases from 14 to 38%
and the amount of MsC secondary carbide also increases from
around 3 to 10%. These microstructural changes are reflected
in an increase in the casting’s hardness from 450 to 700 HB.
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Fig. 5.46. Hardness relationship between CVF and the matrix
microstructure in Ni-Hard 4. The circles are hardness data
from Ni-Hard 4 castings that were subjected to a variety of
heat treatments. The boundary lines were constructed with a
rule-of-mixtures formula using constituent hardness values
estimated from data given in Tables 5.1 and 5.3. The dashed
vertical lines show the ASTM Type ID (Ni-Hard 4) carbon limits.
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Asthe CVF increases, hypoeutectic Ni-Hard 4 irons take
on the appearance of hypereutectic irons. Figures 5.47a and
5.47bshow ahigh-CNi-Hard4(3.5%C, 2.1%Si, 6.5% Ni and
8.5% Cr) in the as-cast condition (sand cast as a 75-mm
diameter ball). Theiron is not typical of commercial high-C
Ni-Hard 4 withitshigher than normal Si and Ni contents. The
result of thisextraalloying isthe graphite flakes showninthe
lower right hand side of Fig. 5.47a.

The presence of primary M-Cgz carbidesin ahypoeutectic
Ni-Hard 4 is not what one would expect (alloying of 3.6% C
and 8.5% Cr places the iron well on top of the austenite
liquidus surface shown in Fig. 2.8). During eutectic solidifi-
cation, the carbides will completely reject Si and Ni into the
remaining liquid. Thisremaining liquid then becomes super-
charged with Si and Ni, raising the activity coefficient of
carbon. This effect increases the liquid' s “thermodynamic C

(5.47b) 1000X

Fig. 5.47. A hypoeutectic high-C Ni-Hard 4 (3.5% C) has a very
unique microstructure containing proeutectic austenite
dendrites, M;Cs eutectic carbides and, in scattered locations,
primary M;C33 carbides. If the C, Ni and Si contents are not
carefully balanced, the iron will also contain graphite. The
sand cast hardness is 470 HB; etched in 2% nital

Morphology, Microstructures and Properties

content” and pushesit across the eutectic boundary and onto
the hypereutectic liquidus surface (see Fig. 2.17b). Conse-
quently, primary M7C3 carbideswill thenform at thevery end
of the solidification reaction.

Another interesting solidification reaction in Ni-Hard 4
ironscan createdupl ex carbidescontaining acoreof M-Czand
ashell of M3C. As covered in Chapter 2 on Solidification, if
the Si level isnot kept above 1.5%, the eutectic reaction of L
- yFe + M;Cz will drift down across the peritectic point,
forming shells of M3C carbides viathe peritectic reaction of
L + M;C3 - yFe+ M3C. Themicrostructureformedinalow-
Si Ni-Hard 4 is shown in Fig. 5.48. The Vickers hardness
indents provide a good idea of the relative hardnesses of the
austenite, M3C and M;C3 phases, from right to left. Needless
to say, the presence of the softer M3C carbide is not a good
thing when what you really want isthe harder M7C;3 carbide.

Chill casting Ni-Hard 4 seemsto only moderately increase
the surface hardness of theiron. Fischer (1983) chill cast aNi-
Hard 4 using an alloy with the following composition: 3.3%
C, 2.1% S, 5.2% Ni and 7.8% Cr. In hiswork, the hardness
near thechill wasaround 660 HB, while 50 mm back from the
surfacethe hardnessdecreased to 610 HB. Thisdecrease of 50
HB appearsto bereasonabl e, based on other work for Ni-Hard
ladloys.

Defining thetoughness of Ni-Hard 4 isproblematic. Inthe
as-cast state (cooled fairly quickly from the eutectic tempera-
ture), the iron will be dominantly austenitic. The austenitic
matrix will be fairly homogenous, containing only a few
secondary carbides. Oncetheironisheat treated or allowed to
transform, partly or totally, to martensite, the matrix will now
be a nanocomposite material, containing brittle martensite
and even more brittle secondary carbides. Even after temper-
ing, themartensiticmatrix will still containsignificantamounts
of secondary carbides. Once Ni-Hard 4 irons are heat treated,
themartensitic matrix will contain about 10% M 3C secondary
carbides. These carbides significantly degrade the toughness
of the martensite, no matter how well the iron has been
tempered or drawn. Broadly speaking, austenitic irons will

Fig. 5.48. A hypoeutectic low-Si Ni-Hard 4 (~1%). Vickers
hardness indents can be seen. Etched in 2% nital followed by
Murakami’s etch, 250X. (Courtesy of Department of Energy)
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alwaysbetougher and have higher fracture toughnessval ues.
However, since martensite has a higher yield strength, mar-
tensitic ironswill have higher tensile strengths.

Table5.5 providesasampling of themechanical properties
for Ni-Hard 4. Complete datawill begivenin Appendix B. In
the meantime, the only discernible trend is that austenitic
structuresprovidebetter fracturetoughness, whilemartensitic
structuresprovidelesstoughness. It ishard to make any broad
conclusions about mechanical properties and their relation-
ship to microstructure, based on the given data. Considering
that the Ni-Hard 4 alloy shares the same type of eutectic
carbide morphology as high-Cr irons, much of the discussion
onrelating structureto propertiesisdirectly relevant totheNi-
Hard 4 aloys.

High-Cr AR Cast Irons

Of al theironscoveredtothispoint, high-Crironsarethemost
studied. Why thisis so is not clear. On a tonnage basis, Ni-
Hard 1 leads the pack and, on ahistorical basis, chill cast AR
irons have been around for centuries before the advent of the
high-Cr irons. Thereason for high-Cr iron’ spremier position
among producers and researchers lies in the wide range of
mechanical properties that can be obtained by aloying and
heat treatment manipulation (i.e., microstructural manipula-
tion). For many users, high-Cr’ s higher toughness and excel-
lent abrasionandrepetitive-impact resi stancearereason enough
to choose high-Cr irons. However, obtaining the desired
microstructure for such propertiesis not trivial and perhaps
explainswhy more research has been devoted to this particu-
lar family of AR cast irons.

Table 5.5
Microstructural / Mechanical Property Data for Ni-Hard 4 AR Cast Irons

Microstructure: Mart. = martensite, Aus. = austenite

were polished.

n.a. = not available.

Sample Thermal Micro-
Alloy®® Chemistry Geometry History structure
Al 3.3% C, Surface of As-cast Aus. with
2.1% Si, chill cast some Mart.
5.2% Ni, sample.
7.8% Cr
A2 3.3%C, 50-mm from As-cast Aus. with
2.1% Si, chill cast some Mart.
5.2% Ni, surface.
7.8% Cr
Bl 3.4% C, Sand cast as As-cast n.a.
1.8% Si, 5-mm thick
5.5% Ni, plates. (chill
9.6% Cr cast structure)
B2 3.4%C, Sand cast as 800C (1470F) n.a.
1.8% Si, 5-mm thick and air
5.5% Ni, plates. (chill cooled
9.6% Cr cast structure)
B3 3.4%C, Sand cast as 800C (1470F) n.a.
1.8% Si, 5-mm thick and
5.5% Ni, plates. (chill 275C (525F)
9.6% Cr cast structure)
Ci1 3.4%C, n.a. 210C (410F) Aus. & Mart.
1.6% Si,
6.2% Ni,
8.6% Cr

(1) A = Data from Fisher (1983); B = Sare (1979); C = Diesburg and Borik (1974).

(2) Bending strength tests were performed on flat bars 127 mm long, 22 mm wide and 10 mm thick. The support span was 82.5 mm. All surfaces

(3) ASTM compact tension specimen with fatigue precrack; a high-quality fracture toughness.

(4) Double-torsion bend test; no precrack. As a comparison, low carbon Ni-Cr-Mo steels gave values around 80 Mpavm (70 ksivin.).

Hard- Bending Impact Fracture
CVF ness HB Strength Energy Toughness (Kic)
24 660 760 Mpa® n.a. n.a.
(110 ksi)
24 610 600 Mpa® n.a. n.a.
(88 ksi)
26 510 n.a. n.a. 314
MPavm
28 ksivin.
26 700 n.a. n.a. 274
MPavm
25 ksivin.
26 600 n.a. n.a. 264
MPavm
24 ksivin.
26 510 n.a. n.a. 25@)
MPavm
23 ksivin
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As-Cast Microstructure—Figures 5.49a and 5.49b show ex-
amplesof anas-cast high-Criron (3% C, 20% Cr, ~2% Moand
~1% Cu, acomposition also known as Parabol oy, devel oped
by Abex Corporation). Theas-cast microstructureisamixture
of M7C5 eutectic carbides, austenitic and a bit of martensite.
Theiron’ susageof bothM oand Cu provideshigh hardenability
(the pearlitenoseisshifted far totheright). Intheas-cast state,
its matrix is supersaturated in C and Cr to such an extent that
the martensite start temperature is depressed to below room
temperature for the bulk of the austenitic matrix. Although
very thick-section castings may partially transform to pearl-
ite, bainiteand/or martensite, thetypical as-cast matrix micro-
structure for a 3% C, 20% Cr high-Cr iron is austenitic.

The mgjority of high-Cr irons are hypoeutectic and there-
fore, fall onto theausteniteliquidus surfaceshowninFig. 2.8.
Consequently, they will haveamicrostructurethat isprimary
composed of austenite dendrites and have CVFs less than
35%. Anexampleof avery hypoeutecticironisshowninFigs.
5.50a-5.50c. The M+C3 eutectic carbides are squeezed be-
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Fig. 5.49. Hypoeutectic as-cast high-Cr iron (3% C, 20% Cr,
1.9% Mo, 0.7% Mn, 0.5% Si, 0.4% Ni and 0.8% Cu). Sample was
cut from a 75-mm dia sandcast ball having a hardness of 480
HB. In (b), a thin layer of martensite can be seen around the
eutectic carbides. The fine “dots” shown within the dendrites
and along their boundaries are Mo,C carbides. The dark shape
near the bottom of (b) is an MnS inclusion.
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(5.50c) 1000X of (5.50a)

Fig. 5.50. As-cast hypoeutectic high-Cr iron (2.2% C, 18.4% Cr)
showing (a) its austenitic matrix and (b) its M,Cs eutectic
carbide network. In (c) at higher magnification, a thin sheath of
martensite can be seen around the eutectic carbides. The
darker spots are traces of pearlite. (b) courtesy of Univ. South
Australia)
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(Metallic Matrix Microstructures, continued)

tween the austenite dendrites. If we dissolve the austenite
matrix, wecan view the carbide backbone of atypical hypoeu-
tectic aloy. This network of hard carbides imbues the iron
with exceptional abrasion resistance and contributes to its
brittle nature under impact or tensile loading (e.g., rapid
cooling or heating during heat treatment). Thisisthe nature of
all carbidesin al irons.

An interesting microstructural feature of as-cast high-Cr
ironsisthat athin sheath of martensitewill often form around
the eutectic carbides. This thin layer is shown in Figs. 5.49b
and in 5.50c. As the iron cools, the eutectic carbides will
coarsen depleting the nearby austenite of C and Cr. This
behavior is shown schematically in Fig. 5.51 whereby C and
Cr are depleted near the carbide while Si increases sinceitis
completely rejected by the carbide during solidification and
solid-state coarsening. Within this thin destabilized region,
the martensite start temperature has been raised above room
temperatureand athin sheath of martensitewill form between
and around the M;C5 eutectic carbides. If the Si content isa
littletoo high or the Cr content isalittletoo low, then pearlite
canform (seeFig. 5.50c). Thiscoarsening and destabilization
processexplainswhy high-Crironsarenever 100% austenitic
upon reaching room temperature.

Heat-Treated Microstructure—High-Cr irons are often used
in applications where high hardness and good repetitive-
impact resistancearecrucial . Toobtainthismix of mechanical
properties, theiron is often given a destabilization heat treat-
ment (see Chapter 3, Heat Treatment). The microstructural
result of thistreatmentisshowninFig. 5.52. Asin heat-treated
Ni-Hard 4, secondary carbides are formed during the destabi-
lization treatment. Depending on the chemistry of the iron,
M+C3 or M23Cg carbides are formed. Since both types of
carbides are rod-shaped and brittle, it is somewhat academic
asto which carbide is present. The important concept is that
the resulting microstructure is viewed as a hanocomposite
structure of martensiteand secondary carbide. And, consider-
ing the nature of the martensitic transformation in high-Cr
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Fig. 5.51. As-cast high-Cr chemistry profile in a large austenite
dendrite. Near the eutectic carbides, the C and Cr atoms have
diffused toward the eutectic carbides, resulting in a slight
coarsening during the slow cool from the eutectic temper-
ature. (After Dupin et al., 1982)
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irons, theaustenite phasewill never fully transformto marten-
site. As a result, the heat-treated matrix microstructure is
alwaysamixtureof martensite, retai ned austeniteand second-
ary carbides.

(5.52c) 3000X

Fig. 5.52. Heat-treated, near-eutectic high-Cr iron (3% C, 25%
Cr). Low-C lath martensite is formed around the eutectic
carbides while higher C lath/plate martensite appears within
the prior austenite dendrites (not shown). Depending on the
chemistry of the iron, the secondary carbides may be (b) M23Cs
or (c) M;Cs. For the iron shown in (a), M»3Cgs carbides are
formed during the destabilization heat treatment.
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Fig. 5.53. The direct result of the high-temperature heat
treatment is the formation of secondary carbides. Only upon
cooling does the destabilized austenite transform to marten-
site. In the 3.1% C, 15.3% Cr iron, the secondary carbides are
of the M;C3 type, while in the 3.2% C, 28.8% Cr iron, the
secondary carbides are M»3Cg. The precipitation of these
carbides removes C and, to some degree, Cr from the aus-
tenite matrix. Upon cooling to room temperature, the destabi-
lized matrix will mostly transform to martensite. In the higher-
alloyed irons, this transformation is not nearly as complete,
due to the iron’s higher Cr content.
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The pie-charts shown in Fig. 5.53 provide a quantitative
idea as to how the heat treatment process affects the micro-
structure in high-Cr AR cast irons. In the 15% Cr iron, the
secondary carbideis of the M7C3 type, whilein the 28.8% Cr
iron, the carbide typeis shifted to the higher Cr type, known
as Mo3Cs. Although the matrix is slightly depleted of Cr
during the formation of these carbides, the dominant effectis
the depletion of carbon. Inthe as-cast condition, the austenite
matrix is supersaturated in carbon. Upon heat treatment, this
excess C goes toward the formation of secondary carbides,
lowering the C content of the austenite. For example, in the
3.1%C, 15.3% Cr iron, the as-cast C content isaround 1.2%.
After heat treatment at 1000 C (1832 F), the equilibrium C
content inthe austeniteisaround 0.5%. Therejection of 0.7%
Cresultsintheformation of about 8% M;C3 carbides (assum-
ing aC content of 8.6% for the M;Cg carbide). For thistype of
iron, the8% increasein carbideissignificant, when compared
to its eutectic CVF of 20%.

Beforeleaving thesubject of how heat treatment affectsthe
microstructure of a high-Cr AR iron, Fig. 5.54 shows an
exampl e of the wide range of hardnesses that are possible in
ahigh-Cr iron (compositional information was not provided
in the origina work). Tailoring the hardness of the iron
through manipulation of the martensite to austenite volume
fraction isa powerful tool in the hands of the knowledgeable
designer, foundryman or tribologist.

Heat treatments can go awry. Subsequent to destabiliza-
tion, theiron must be cooled fast enough to missthe pearlite
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Fig. 5.54. The hardness of a typical high-Cr AR cast iron can
be controlled by tailoring the ratio of austenite to martensite.
In more direct terms, as the amount of retained austenite
decreases, the hardness increases. In high-Cr irons, one way
to control hardness is to use different destabilization temper-
atures. As the destabilization temperature is increased, the
solubility of C in austenite similarly increases. Upon cooling,
the increased C content lowers the martensite start temper-
ature yielding a higher volume fraction of retained austenite at
room temperature. (After Maratray and Poulalion, 1982)
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(Metallic Matrix Microstructures, continued)

nose. This can be a problem in thick-section castings. Figure
5.55a shows an example of a AR cast iron that has hit the
pearlite nose while being cooled from its high-temperature
destabilization treatment. The austenitic structure has almost
completely transformed to pearlite. In Fig. 5.55b, secondary
carbidescan beseenwithintheformer austeniticdendrite. The
pearlite colonies are the light gray regions within the matrix.
Bainitewasal so found and can be seen near the carbidesinthe
upper right-hand and lower |eft-hand corners.

CarbideVolumeFraction—Figure5.56 providesasimplified
view of the relationships between CVF, hardness and com-
pressivestrength. Hardnesstrendsfollow that shownfor other
AR cast irons. For the most part, the hardness of the iron
increases with CVF. The highest hardnesses are naturally
found for irons having martensitic matrices. An upper bound-

(5.55b) 1000X

Fig. 5.55. Destabilized high-Cr iron cooled through the pearlite
nose. The composition of the iron is approximately 2.5% C, 18%
Cr, 1% Mo, 1% Mn and 1% Si, and had a heat-treated hardness
of 480 HB. The sample was obtained from the center of a 150-
mm thick casting. Due to its much slower solidification rate, the
structure shown in (a) is much coarser than that shown in Fig.
5.49a for the 75-mm dia ball. Etched in Villela’s.
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ary for hardness is shown by the line marked as 100%
martensite. Most irons will be mixtures of austenite and
martensite and their hardnesses will fall between the 100%
martensite and 100% austenite boundary lines. Several of the
irons show hardnesses much lower than that predicted by the
100% austenite line. Thisresult ishard to explain. In some of
theirons, thematrix isferriticand, asaresult, doesyield softer
irons but, overall, the 100% austenite line overpredicts the
hardness.

Figure 5.56b plots compressive yield strength against
CVF. It is difficult to discern any direct correlation. In Fig.
5.56¢, the compressiveyield strength wasthen plotted against
hardness. Thegood correl ation between compressivestrength
and hardness follows the proven relationship between flow
stress and hardness as shown in Fig. 5.56¢. A better fit is
provided by theregression equation. Theflow stressequation
underpredictsthe compressive strengthin AR castirons. This
is understandable since the flow stress equation was devel-
oped for noncarbide-containing steels.
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Fig. 5.56. Hardness and microstructures show a direct cor-
relation. In (a), the hardness of the iron linearly increases with
CVF. If one relies on just the CVF (b), little correlation is shown
to predicting the compressive strength of the iron. Whereas, in
(c), if we look at the combined effects of CVF and matrix micro-
structure in producing a soft or hard iron, a strong correlation
is shown between hardness and compressive strength.
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Toughness—Figure 5.57 provides someinsight into thelabo-
ratory measured toughness of high-Cr AR cast irons. There
existsno shortageof fracturetoughnessdatafor high-Crirons;
complete datais given in Appendix B. In the meantime, the
datapresentedinFig. 5.57ashowsthat the hardnessof theiron
is not a good indication of its fracture toughness. The iron
presented in Fig. 5.57a has a base composition of 17% Cr,
whilethe C content wasvaried from 1.2t0 3.6%. Theironwas
tested inthe as-cast (austenitic) and heat-treated (martensitic)
condition. Nothingisever perfect; consequently, theresulting
microstructures are neither totally austenitic nor totally mar-
tensitic. Nonethel ess, the matrix microstructurein the as-cast
iron is dominantly austenitic and in the heat-treated iron is
dominantly martensitic (i.e., a mixture of martensite and
secondary carbides). More detailson theseirons can befound
in Diesburg and Borik (1974).

Ingeneral, you might say that asthe hardnessincreasesthe
toughness decreases, but thiswould only be partly right. For
example, inFig. 5.57a, themartensiticironshavemuch higher
hardnesses and, in some cases, are just as tough as the
austeniticirons. At lower C content (lower CVF), the austen-
itic irons are tougher. This result demonstrates the greater
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Fig. 5.57. As shown in (a), matrix structure (austenitic or
martensitic) and hardness correlates weakly with fracture
toughness (Kic). In (a), the alloy’s C content and estimated CVF
is given to the right of the alloy’s data point. As the alloy’s CVF
increases, its fracture toughness decreases. In (b), this trend
of increasing CVF and decreasing fracture toughness is

shown quite clearly in the data assembled by Tabrett (1997)
from a broad variety of AR cast irons (symbols represent
different types of AR irons).
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importance of the matrix structure over that of the carbide
structure. Asthe C content increases (higher CVF), the matrix
microstructure becomes|essimportant and the carbide struc-
ture starts to dominate.

With careful inspection, a better indicator of the iron’s
toughnessisits CVF shownin parenthesisnext totheiron’'sC
content in Fig. 5.57a. Although austenitic irons are tougher
than martensitic irons, in general, toughness is extremely
sensitiveto CVF. Thisstatement istruefor all AR cast irons.
Naturally, an austenitic matrix is more ductile and tougher
than amatrix microstructure consisting of amixtureof fibrous
secondary carbides and martensite. The dominance of the
eutectic carbidenetwork ontoughnessisshown clearly inFig.
5.57h. Asthe CVF increases the toughness decreases.

If we think of carbides as crack initiation sites or just as
cracks, aswe increase the amount of “cracks” intheiron, the
toughnesswill decrease. Thisfundamental relationshipisthe
baneof all AR castirons. Asthedensity of thecarbidenetwork
increases, it is easier and easier for cracks to initiate and
propagate. Hence, just knowing the hardness of theironisnot
enough. To make an accurate prediction of the iron’s tough-
nessyou must know thechemistry (i.e., Cand Cr contents) and
the final hardness.

Before getting too far away from this discussion of an
iron’s toughness, we should state emphatically that fracture
toughness measurements(e.g., Charpy or K¢ or other impact
tests) do not dtrictly translate into component “toughness.”
For example, the user wants a casting that does not fail by
breakage and will be used in variousfield conditions such as:

» Toughnessto repeated impact loading, asin balls, ball
mills (see Glossary), chute liners, hoppers, etc.

» Toughness to repeated bending loading, as in many
crushers.

e Toughness to occasional shock (over) loading, as in
some crushers or when mishandling equipment.

» Toughnessto thermal shock loading, in steel mill rolls
or by firesin acoal crusher.

» Toughnessto slow bending in some crushers or during
assembly.

» Toughness to withstand residual stresses from casting
or heat treatments.

Consequently, the user must be careful when applying
laboratory “toughness’ measurements to real-world indus-
trial applications.

Severa researchershaveinvestigated theeffectsof carbide
size and morphology on toughness. It has long been thought
that a high-toughness iron could be made if only the carbide
size was reduced. Such an experiment was performed by
Kumar et al. (1984) on a cast and hot isostatic pressed (HIP)
2.5% C, 20% Cr, 1.5% Mo AR iron. Both irons were heat
treated to form matrices consisting of secondary carbidesand
martensite. Both irons had hardnesses of around 550 HB
(indicating that the authors had extensively tempered the
martensite). Figure 5.58 summarizes the results of their
findings.
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(Metallic Matrix Microstructures, continued)

Quiteamazingly, the cast material with its coarse carbides
is much tougher than the HIP-processed iron (Mohan et al.,
1984). If the CVF is held constant, then as the carbide size
decreases, thenumber of carbidesincreases. Asthe number of
carbides increases, the mean free path or clear unobstructed
distance between carbides decreases. Inthe cast structure, the
mean free path isaround 20 um, whereasinthe HIPiron, this
path was calculated to be approximately 2.2 ym. From a
simplified fracture mechanicsviewpoint, itisjust easier for a
crack to jump from carbide particle to carbide particlein the
HIPironversusthe much larger distancesfound in the coarse
cast iron microstructure.

Carbide Morphology—Carbide morphology can aso play a
rolein determining the hardnessof theiron. Aswasshownfor
thelow-alloy and Ni-Hard irons, the coarseness of the micro-
structurewill increase or decreasethe hardnessof theiron. For
cast irons, the coarseness of the microstructure is controlled
by the solidification rate. More to the point, as the solidifica-
tion rate increases, the average size of a carbide “rod” or
“blade” will correspondingly decrease. This effect is most
apparent when we compare hardnesses on the surface of the
casting (high solidification rate) against hardnesses taken
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Fig. 5.58. The parable of the small spherical carbide for
maximum toughness is not true. The best toughness arises
from discrete coarse carbides. The coarseness of the carbide
structure allows cracks to be blunted by islands of tough
matrix. In the HIP structure (right), the mean free path between
carbides is quite small, allowing cracks to jump directly from
carbide-to-carbide. (Data courtesy of Kumar, 1984)
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within the casting (dlow solidification rate). Figure 5.59 plots
hardnessestaken onthe surfacesand cores of 50x50x180-mm
sand-cast blocks. A range of carbide structures were studied
from hypoeutectic to hypereutectic in irons containing 15%
and 26% Cr (Laird and Dogan, 1996). AsshowninFig. 5.59,
hardnessval uesfor the26% Crironswerevery sensitivetothe
solidificationrate. Theeutecticiron showed thebiggest change
with a 110-point jump in hardness going from the core to the
surface.

Interestingly enough, the lower Cr irons did not show a
large response to solidification rate. Thisis explained by the
effect of Cronthesizeof carbideformed during solidification.
To gain an appreciation of this mechanism, Figs. 5.60a and
5.60b show the eutectic-15 and eutectic-26 irons. It is clear
that the higher-Cr iron has smaller carbides. Image analysis
confirms this result, giving average carbide particle sizes of
4.3 um for the eutectic-15 and 2.8 um for the eutectic-26. It
would appear that the larger carbides found in the lower Cr
iron are not sufficiently refined by the higher solidification
rate near the surface of the casting to affect the hardness
measurement.

It should al so be mentioned that the coarseness of the high-
Cr microstructure (and, for that matter any AR cast iron
microstructure) is strongly influenced by the section size of
the casting. This can be seen by comparing the two micro-
structures shown in Fig. 5.49a and 5.55a. Both images were
taken at 100X, yet the coarseness of the microstructures is
significantly different. In brief, higher hardnesswill typically
result in aloys cast in thin sections and, higher Cr content
can result in higher surface hardnesses. All in al, before one
can be assured of theiron’strue hardness, one must consider
the solidification rate (surface or core hardness) and alloy
chemistry.

Improvementsinyield strength have been shown by break-
ing up the continuity of the carbide matrix in low-alloy irons
(M3C carbides) by hot working (Hong et al., 1993). The
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Fig. 5.59. Depending on the alloy type and the location of the
hardness measurement, hardness values can vary signifi-
cantly. This behavior is shown most dramatically in the 26% Cr
irons, where the hardness difference between the surface and
core can be as much as 110 points HB.
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feasibility of hot working large AR castingsis very low and
this avenue of research has not been pursued. Moreover, this
work wasinconclusiveandindicated that, evenwithextensive
hot working, large MsC carbides still remained intact. None-
theless, wewoul d suggest that for any givenlevel of CVF, the
toughest iron would consist of discrete carbidesthat are tens
of micronsin size (e.g., 10, 20, 30 um in size).

Although increased CVF decreases the toughness of the
iron, it does increase the abrasion resistance. Figure 5.61a
shows this relationship between CVF and dry abrasion resis-
tance using a pin abrasive test. The importance of abrasive
wear to theindustrial community using wear resistance irons
justifies an entire chapter devoted to this subject matter.
However, only the briefest of introductions is presented to
illuminate the rel ationship between microstructure and abra-
sion resistance.

In general, dry abrasive wear can be shown to decrease
withanincreaseof CVF. However, eventhissimplestatement
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Fig. 5.60. As the Cr content is increased, the carbide structure
is refined. Both images were taken at 80X.
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is not always true. For example, in Fig. 5.61a, different
abrasives produce different wear results. In this case, the
harder and more fracture-resistant SiC abrasive can gouge
through the high-Cr microstructure, whereby the softer and
more brittle garnet abrasive does not aggressively attack the
samemicrostructure. Consequently, asthe CV Fincreases, the
SiC abrasiveisabletorip larger and larger chunks of carbide
from the microstructure (increasing the wear rate), while the
garnet abrasive is “blunted” by the increasing CVF and the
wear rate decreases.
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Fig. 5.61. Making broad statements about the relationships
between microstructure and abrasion resistance is tricky.
Abrasive environments vary widely and, depending on the
abrasive type and loading, the same alloy can perform well
under one set of conditions and poorly under another set. In
the most general terms, (a) high CVF and high hardness favor
sliding abrasive wear (e.g., 150-mesh garnet). Tougher iron
with a lower CVF and a more ductile matrix (b) favors very
aggressive abrasive environments where the abrasive gouges
the material (e.g., 150 mesh SiC). (Figures created by Tabrett,
1996, using data from Zum Gahr and Eldis, 1980)
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From a matrix viewpoint, Fig. 5.61b shows that just the
opposite istrue. The expected result is shown for the garnet
abrasive, namely, adecrease in wear resistance as the matrix
becomes softer (increasing retained austenite). Conversely,
wefindtheunexpectedresult for the SiC abrasive. Inthelatter
case, the harder SiC abrasive plows through the microstruc-
ture causing extensive work hardening. Moreover, the more
ductile matrix is able to hold or retain the carbides more
effectively asthe SiC particleripsthrough themicrostructure.

From a microstructural viewpoint, the hardest iron will
typically provide the best abrasion resistance. As shown in
Fig. 5.56a, such an iron is obtained by maximizing the CVF
and having a 100% martensitic matrix. The downside to
obtaining such astructureisthat thefracturetoughnesswill be
minimal (Fig.5.57). Thechallengefacingthe ARiron produc-
ersis balancing abrasion demands with toughness demands.

Specialty Eutectic Carbide Category

If we take a broad view of our definition of AR cast irons, it
is any type of ferrous material that forms carbides via a
eutecticreactionof Liquid — Carbide+ Dendrite (austeniteor
ferrite). Under this definition we have alloys such as 440C
(1.1% C, 17% Cr) and D2, and more exotic alloys containing
high levels of vanadium or niobium. Since material property
datafor theseall oysisamost nonexistent, wewill concentrate
on afew selected microstructures to show their key features.
For completeness, it should be mentioned that titanium has
also been used in AR irons. Titanium, like Nb, formsitsown
separate carbidesalthough their morphology isquitedifferent
forming very small and needle-like carbides versus niobium
carbide’ s more blocky-like shapes.

440C (1.1% C, 17% Cr) AR Cast Iron

Thisalloy isoften thought of asacorrosion-resistant stedl. In
truth, itisaniron. Itsalloy content placesit to theright of the
austenite eutectic solidus line and, as shown in Fig. 2.32, it
undergoes a eutectic reaction forming M;Cs carbides. The
microstructure of this iron is shown in Figs. 5.62a-5.62c.
With a CVF of around 10%, the microstructureis dominated
by the ferrous matrix.

Thisiron hasavery unique carbide microstructure. Dueto
thealloy’ shighratio of Crto C, theaustenitic matrix contains
around 14% Cr after solidification. At this Cr level, the
preexisting M;C; carbides will partialy transform to M3Cg
carbides along the carbide/matrix interface. These duplex
carbides are shown in Fig. 5.62b as cores of dark M-Cs
surrounded by lighter shellsof M,3Cs. Thedifferent contrasts
shown in Fig. 5.62b, using backscatter SEM, arise from the
different densities of the two carbides: the lighter M-Cs
(~8.9% C) carbide absorbs more electrons than the heavier
M23Csq (5.7% C) carbide.

This solid-state transformation was first noted by Pierce
(1986) in aniron containing 2.4% C and 31% Cr after being
destabilized at 1100C (2012F) and in the as-cast state. Inthe
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Fig. 5.62. Hypoeutectic low-C, high-Cr AR cast iron in the
heat-treated condition. The iron’s composition is 1.1% C, 17%
Cr and was destabilized at 100 C (1832F yielding a hardness of
550 HB. In (a), the eutectic M;C3 carbide network is shown
surrounded by small M;3Cs secondary carbides. The dark
regions in (a) are martensite, however, the bulk of the matrix is
austenite. If the eutectic M;Cs carbides are inspected using
SEM, it can be observed in (b) that the eutectic carbides have
duplexed, forming shells of M;3Cs, subsequent to the solidifi-
cation reaction. These duplex carbides are identified in (b) by
their dark cores (M;Cs) and lighter shells (M23Cs). In (c), the
matrix is deep-etched to reveal the M;Cz carbide morphology
(SEM image using secondary electron mode). ((b) and (c)
courtesy of K. Collins, Department of Energy, Albany Lab.)
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(6.63c)

Fig. 5.63. In V-based AR cast iron, the iron’s composition is
roughly 2.5% C, 5% V and 5% Cr. In the as-cast condition, the
hardness can exceed 650 HB. The microstructure is a mixture
of eutectic MC carbides (blocky shapes) and eutectic M;Cs
carbides (blade-like shapes). In (b), the microstructure is
viewed under polarized light to emphasize the carbide
structure. The MC carbides are much harder than the M;C3
carbides and stand proud above the matrix. The small “dots”
are MC secondary carbides that have precipitated within the
matrix as the casting cooled, subsequent to solidification.
Both images were taken at 500X. Figure (c) is a deep-etched
view of the structure under backscattered SEM mode. The
M;Cs carbides appear lighter than the VC carbides. ((c)
courtesy of Department of Energy)

Morphology, Microstructures and Properties

case of the440C iron, duplex carbideswere found in both the
as-cast state and after destabilization at 1000C (1832F).

From amechanical property perspective, the formation of
duplex carbidesinthisalloy isbelieved to beof little commer-
cial importance. Although the M43Cg carbide is softer (1000
DPH) versusthe harder M7C3 (1250-1500 DPH), thisdiffer-
ence is fairly minor. Moreover, considering that the iron
contains only about 10% CVF, this difference in hardness
between the two carbidesis of negligible importance.

Themechanical propertiesof thisironarecontrolled by the
matrix. Inthe as-cast state, the microstructureis composed of
austenite and M+Cz / M 3Cq carbides, yielding a hardness of
around 350 HB. The fracture toughnessis quite good and, to
a reasonable approximation, is given in Fig. 5.57b. As we
would expect, if thematrix ispartially transformed to marten-
site (as shown in Fig. 5.62a), the toughness decreases while
the hardness increases.

This aloy finds many uses where corrosion resistance is
critical yet abrasion resistance and toughness are aso re-
quired. The iron’s low CVF alows good toughness while
providing some abrasion resistance. The real utility of this
iron isits very good corrosion resistance due to its high-Cr
content. As mentioned earlier, when the iron cools to room
temperature, the carbides will coarsen, depleting the sur-
rounding matrix of C and Cr. In most high-Cr aloys, this
depleted region is extremely susceptible to corrosive attack.
However, inthe current alloy, the matrix’ s 14% Cr content is
high enough to till provide corrosion resistance, even within
the depleted regions, which probably have a Cr content of
around 11% and, therefore, still meet the minimum require-
ments for corrosion protection.

Vanadium-Alloyed (2.5% C, 5% Cr, 5% V) AR Cast Iron
Eutecti c vanadium carbidesform the backbone of theseirons.
As detailed in Chapter 2 on Solidification, these alloys so-
lidify, forming eutectic MC (where M =V, Fe, Cr, etc.) and
eutectic M,Cgz carbides. Figures 5.63a-5.63c shows atypical
as-cast microstructure of thisiron. The M C carbide morphol-
ogy is digtinctly different than that of the M-Cz carbides
shown in Fig. 5.63a. On a carbide volume basis, the MC
carbides are around 8% while the M;C3 are around 4%,
providing atotal CVF of 12%.

The super hard MC carbides (2500 DPH) are moreclearly
shownin Fig. 5.63b. When viewed under polarized light, the
topography of the microstructure can be easily observed. The
much harder MC carbides are shown to rise above the softer
M-C3 carbides. One can also see small MC secondary car-
bides that have precipitated within the matrix as the iron
cooled subsequent to solidification.

Vanadium hasvery low solubility in austenite. Astheiron
cools, any V present within the C-rich austenite dendrite will
readily form M C secondary carbides. Under theright alloying
and cooling conditions, it is possible to obtain as-cast struc-
tures that are dominantly martensitic with hardnesses in
excessof 650 HB. That is, during cooling, theV will destabi-
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(Metallic Matrix Microstructures, continued)

lize the austenite dendrite sufficiently to raise the martensite
start temperature above ambient.

V anadium-based alloyscan present many challengestothe
foundry. Besides their unique microstructures, their
hardenability isvery poor, ascompared tothe Ni-Hard family
or astandard 15% Cr, 3% Mo iron. Consequently, when cast
in thick sections (say in excess of 25 mm), the base composi-
tion must be alloyed with sufficient quantities of Mo, Ni, Mn
or Cu to avoid the pearlite nose upon cooling to room tem-
perature.

Very little wear data on these irons has been published in
the current literature. At present, V-based irons are finding
some usage as roll materials in hot strip rolling mills. Data
presented by Goto et a. (1993) indicate that V-alloyed irons
provide superior resistance to hot cracking, as compared to a
2.7% C, 17.5% Cr iron. This seems reasonable considering
that hot cracking is basically atensile stress-induced failure,
albeit, highly localized, wherethe hot strip hasoverheated the
roll material.

Inthe high-Cr iron, the CVF isaround 25% whileinthe V
iron, the CVFisaround 12%. Sincetoughnessis proportional
tothe CVF, itisnowonder that the V-basedironismuch more
resistant to hot cracking. Nonetheless, V-based irons are
finding favor inmany mill roll applicationsfor their combina-
tion of good toughnessand good abrasionresistance, whichis
due to their hard MC carbides. Thisis an emerging field.

Niobium-Alloyed (3% C, 2% Cr, 2% Nb) AR Cast Iron
Pure eutectic niobium AR cast irons are very, very rare. In
most cases, Nbisadded to abase AR cast iron composition to
create a few extra hard Nb carbides (2500 DPH). As an
example, Figs. 5.64a-5.64c show a low-alloy iron that was
alloyed with 2% Nb. The NbC carbides form as discrete
carbide particles within the austenite dendrite. Since Nb has
no solubility in other types of carbides (M3C or M;C3) or in
austenite, it forms as a pure NbC in wear irons.

Severa researchers have studied the effect of niobium
(actually NbC) on AR cast irons. Work by Guesser (1985)
showed that a modest improvement in wear resistance was
made possible by the addition of around 1% Nb in a3% C,
18% Cr iron. Interestingly enough, additional Nb produced no
additional improvement. This result suggests that factors
other than just the presence of NbC carbide were influencing
the wear results. For the most part, the literature isinconclu-
sive on the benefits of adding Nb to AR cast irons.

One benefit of adding Nb may be as an inoculant to refine
the carbide structure. Since NbC will form before austenite or
any eutectic carbide, the presence of these crystallized car-
bides within the melt can act as nucleation sites for the
austenite and for the subsequent eutectic colonies (assuming
we are casting ahypoeutecticiron). Thisresult wasindirectly
mentioned by Chen et a. (1993). Nonetheless, the usage of
Nb-alloyed AR cast ironsis not expected to revolutionize the
wear-resistance world.
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Fig. 5.64. In Nb-alloyed AR cast iron, the iron’s composition is
roughly 2.5% C, 2% Nb, 2% Cr and 3% Ni. The image was taken
using backscatter SEM. The NbC carbides appear white, due to
their much greater density than the MsC carbides and sur-
rounding matrix. The sample was etched in 2% nital, prior to
viewing. The etch has attacked the martensite plates creating
the striations. Figures (b) and (c) show the NbC a little more
clearly after deep-etching. Figure (a) was taken in backscatter
mode while (c) was taken in secondary electron mode.
(Courtesy of Department of Energy)
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Chapter 6
Quality Control,

Inspection and Specifying

Quality Control

Quality requirements for AR cast iron parts are high. The
application for most components is arduous with normal
operating conditions involving abrasive wear and impact
fatigue. Reliability is paramount since premature failure can
cause damage to the plant and equipment, and invariably
results in expensive, unscheduled downtime. Dimensional
accuracy is also vitaly important because such parts are
frequently supplied as both original equipment and as spare
parts to be directly replaced in the field.

Quality control and inspection (testing) of the castingsis,
therefore, essential. Specifications must be set forward by the
customer, and agreed on by both the user and producer, to
achieve optimum performance of the component at thelowest
feasible cost.

In the production of gray and ductile cast irons, aswell as
stedl castings, chemical composition and mechanical proper-
ties are set down in “standards’ and “specifications.” These
standards and specifications arethen routinely determined by
the foundry on separate test samples and/or on test coupons
attached to the casting. Standardized mechanical properties
comprise hardness, tensile strength, yield strength, ductility
and impact resistance. Sometimes, additional testsare agreed
on, which are relevant for the application of the component.
Most things that have gone wrong in the production of the
castings show up in these tests.

For AR castirons, dueto their hard and brittle nature, most
of these tests are either impractical, impossible or so expen-
sive that they cannot routinely be done in a production
foundry. The only routine means for quality control of the
material are chemical analysis and hardness testing. For
quality control, thesetestshaveto be supplemented by casting
inspection and process control.

Process control in AR cast iron production is much more
important and has to be much more extensive than in normal
gray or ductileiron production. It hasto cover all stages, from
raw material to shipping. Abrasion-resistant cast irons are
much lesstol erant to poor production practiceand errorsthan
aregray ironsor most cast steels. Excellent processcontrol is,
therefore, essential for asuccessful production of high-perfor-
mance AR cast iron components.

Inspection
Chemical Analysis

Thepropertiesof AR iron castingsarecritically dependent on
their chemical composition: carbon, silicon and aloying
elements. Thisistrue both for as-cast and heat-treated alloys.
Thecomplex interactionsbetween as-cast structure, hardness,
properties, heat-treating cycle and heat-treatment response
have been described in the preceding chapters.

The chemical composition can be determined by wet
chemical analysis (involves remelting) and/or with the vari-
0us X-ray or spectrographic instruments common in iron and
stedl foundries, using the usual chill-cast test samples. The
concept that the structure is “white” anyhow, and, therefore,
samplesfromingates, runnersor risers, etc. can beused, isnot
valid. The carbide structure is coarser than in the chill-cast
samples and, since the elements are unevenly distributed
between carbidesand matrix, theresults of the spectrographic
analysiswill beinaccurate. Such samples can only be used to
determine or verify thetype of alloy. For amore accurate and
reliableanalysis, the samplewill haveto beremelted, or awet
analysis has to be performed.

For thecalibration of theinstrument, theavailablecastiron
standards are often not fully suitable, especially for the high-
Crirons. Also, stainlesssteel standards may beinaccurate due
to the higher C content of the AR irons. In case of doubt, the
problem should bediscussed with theinstrument supplier and
suitable standards should be obtained from the usual sources.

Inironfoundries, thermal analysisisacommon, quick and
accurate means to determine the CE-value, the C and the Si
contents. The aloying elements in AR irons displace the
liquidusline sothat theavailable calibration curvesare either
not useful or too inaccurate, even for low-aloy irons. In the
literature, some regression formulas have been published to
calculate the effect of the alloying elements. However, a
foundry wishing to use this method will have to establish its
own calibration curve and regression formulafor a range of
the type of alloy it uses.

Chill testing by means of a suitable test casting is a
common way to control unalloyed or low-alloyed irons,
whichcansolidify whiteor gray (ASTM A367). Theusual test
samplefor AR ironsisarectangular vertical plate, moldedin
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sand with a chill block at the bottom end. The plate will be
broken, lengthwise, along acast-in notch so that the extension
of the fully white and the mottled zone can be determined.
Interpretation of the results, however, is difficult and takes a
lot of experience. For ironsthat solidify completely white, like
the Ni-Hards or high-Cr irons, this testing method is, of
course, not possible.

Material Properties Testing

In normal control of AR iron castings, mechanical testing is
restricted to hardness testing. The tensile testing common in
the production of gray or ductile cast irons and steel is
unfeasible and meaninglessfor AR cast irons. Preparation of
tensile test specimens from the hard and brittle material is
difficult and expensive. It involves a high risk of creating
small cracksthat will cause erratic failure of thetest bar. With
most tensile machinesin foundries, slight misalignments are
possible that will also cause premature failure of the test bar.
Results, therefore, represent more the quality of test condi-
tions than the properties of the material. Tensile and yield
strengthfall together, and elongationisnot measurable. Inany
case, there is no simple and straightforward relationship
between tensile properties and structure, quality or service
performance of the casting.

Bendingtestsareeasier, but theresultsfrom aseparate cast
test bar have no useful relation to the propertiesin the actual
casting.

Normal impact testing is meaningless. Apart from the
problem of preparing suitabl etest pieces, theimpact energy is
in the same range as the energy consumed by friction and
throwing the fractured pieces of the sample away. Testswith
broken samplesput together with adhesivetapehavegiventhe
sameresultsasunbroken samples. Neverthel ess, current work
by the AFS Special Irons Committee (5-D) using much larger
impact bars (50x50x180 mm) have shown some Success.
Using thislarger impact bar it has been possibleto differenti-
ate between irons of different heat treatments, CVFs and
matrix microstructures. A review of this new impact test is
given by Laird (1995).

Fracture toughness can be measured and, in research, a
large number of data have been determined (see Appendices
B and Cfor details). Therelation to structure, thermal history
and other properties of the specific material is, however,
rather loose and is a matter of discussion.

The consequenceisthat mechanical testing, except for that
of hardness testing, cannot be used for specification, quality
control or acceptance criteria. If data are needed, they can be
taken from the Appendix C of thisbook. If dataare absolutely
required for a specific type of AR iron, they should be
determined by a laboratory specializing in testing hard and
brittle materials.
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Hardness Testing

Hardness testing is the only valid method to determine the
properties of an AR iron casting. Hardness is specified in all
standards and is also used for ordering and as acceptance
criteria. The hardness of the casting has to be determined,
either as laid down in the standards or as agreed on by
customer and foundry.

Contrary to steel, hardness does not correlate very well to
tensilestrength or toughness. Hardnesstesting on separatetest
piecesof different section sizesand heat treatmentsisusually
meaningless, because the as-cast and heat-treated microstruc-
tures are extremely different.

Static Hardness Testing
The ASTM A532 standard gives three different methods to
measure “static” hardness:

1. Rockwell (HRC)
2. Vickers (HV)
3. Brinell (HB)

Rockwell Hardness (HRC)—M easurement of the Rockwell
hardnessinvolvestheapplication of aspherical tipped conical
diamond of 120° angle, with a defined force, against the
surface of the specimen. The Rockwell hardness is then
determined from the differencein the penetration betweenthe
initial and the main load. On modern hardness measuring
equipment, thiscanberead, directly fromaC-scaledia (B and
A scales are used for other materials). The hardnessis then
listed as, for instance, 65 HRC (Hardness Rockwell C-scale).
Standards are ASTM E 18, 1SO 6507-1, DIN 50 103.

VickersHardness(HV or DPH)—M easurement of theVickers
hardness (HV) involves the application of a diamond in the
form of asquare pyramid with an apical angleof 136°, withan
adjustable test force against the surface of the specimen. The
use of adiamond pyramid hasled to the often found abbrevia-
tion DPH for Diamond Pyramid Hardness. When theforceis
relieved, the diagonal of the produced impression is deter-
mined with a measuring microscope. Mathematical relation-
shipslead to the computation of the Vickers hardness, which
can be read from tables as a function of the size of the
measured diagonal s (mean value) and the selected test force.
The hardnessisthen listed as, e.g. 820 HV50. Standards are
ASTM E 92, 1SO 6507-1, DIN 50 133. For AR cast irons, the
most appropriate test forces are HV50 or HV 100. Generally
speaking, the highest feasi blel oad shoul d be used becausethe
higher the load, the lower the scatter.

Brinell Hardness (HB)—Brinell hardness is determined by
forcing a hardened steel sphere with a defined load into the
specimen surface and measuring theindentation of the sphere
that isleft behind after thetest. Tables are used to read off the
Brinell hardnessasafunction of thesizeof sphereusedandthe
definedtestload. For AR castirons, themost useful conditions
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area10-mm diaball and aforce of 3000 kPa (exact: 29,420
N). The hardness is then listed as, e.g. 200 HB 10/3000 or
HB30 (HB being Hardness Brinell). Standards are ASTM E
10, 1SO 6507-1, DIN 50 351.

Dynamic or Rebound Hardness Testing

Besides the static hardness measuring methods, there exist a
few dynamic methods, which are based on the rebound of a
body impacting the surface of the casting. Two such methods
are:

1. Shore Scleroscope
2. Equotip

Shore Scleroscope Hardness—In the past, the Shore
Scleroscope hardness tester was very popular, especialy in
sted roll foundries. A small ball guided in atubewasdropped
on the surface and the rebound height was read and used as
indicator of the hardness. The device was cheap, pocket size
and portable and could be used on large castings on the shop
floor, inthecleaning room, inthemachineshop or onsite. The
results were accurate enough if a mean value of a larger
number of readings was taken.

Equotip Hardness—A modern adaptation of the rebound
principleisthe Equotip instrument, whichwasinventedinthe
1970s. The Equotip measurement technique uses a spherical
projectile (tungsten carbide or diamond) and derives the
hardnessvalue (L) from theimpact and rebound vel ocities of
theindenter (see Appendix D). Theinstrument automatically
measuresthetwo vel ocitiesand cal culatesthe L number asan
average of fiveimpact events. The hardnessisthen listed as,
e.g., Lp or Lg, depending on the projectile used: tungsten
carbide or diamond.

The rebound hardness value is a function of the elastic
modulus, yield strength and work-hardening characteristics
of the material. Comparison of hardness valuesis, therefore,
only meaningful for similar materials and conversion tables
are subject to the samerestrictions. Additional factors can be
the size and weight, internal stresses, support of the casting,
surface roughness, work hardening and inclination of the
surface. For example, at hardnesslevelsof above 700 HB, the
Equotip gives meaningless numbers (Laird et al., 1995). Of
advantage are the ease of the measurement, the portable
instruments and the fact that the small indentations do not
really damage the surface of the casting.

Conversion and I nterpretation of Hardness Values

Often, itisof interest or necessary to convert hardnessval ues.
For this purpose hardness conversion tables are being used
(see Appendix D). The hardness conversion tables for steels
are, however, not applicable to AR cast irons. ASTM A532
and EN 12 513 show suitable conversiontables. Thesearethe
resultsof regression curvesof thescatter band of experimental
work (Parks, 1979). For the Equotip and other dynamic

Quality Control, Inspection and Specifying

methods, there exist similar conversion tables (Laird, 1995;
Parks, 1979; Behrens, 1994). Basically, each type of AR cast
iron and each type of microstructure givesadlightly different
conversion factor becausetheresponseto thevarioustypesof
test methodsisdifferent. Theresultisthat,inaconversion, the
normal scatter of ahardnessdeterminationismultiplied by the
inaccuracy of the conversion factor. This can create difficul-
tiesand frustrating discussionswhen acertain specified hard-
ness has to met. It is, therefore, advisable to agree on the
hardness-measuring method beforehand and stick to it at the
foundry and at the customer.

In martensitic AR cast irons, the hardness values can
sometimes be ambivalent, and it is difficult to find out about
their significance. In a medium-C ASTM A532 Class || B
iron, which can obtain a hardness of 750 HB in a fully
hardened condition, a low hardness of 610 HB, which still
meets the specification, can have several causes.

1. The casting may have been stressrelieved or tempered
at a higher-than-normal temperature;

2. Thealloy content and, therefore, the hardenability may
have been insufficient for the section and/or the quench
rate, resulting in pearlite or bainite formation;

3. Theaustenitizationtemperaturemay havebeentoolow,
resulting in low-C, soft martensite or it may have been
too high, producing excessive amounts of retained
austenite.

4. Overdloying can aso result in retained austenite and,
consequently, lower hardness.

Each microstructure will perform in adifferent way when
in service. Anidea of what has happened, which microstruc-
ture to expect and what needs to be changed can be obtained
by examining the furnace and heat-treatment documentation.
The prior comments demonstrate the importance of strict and
well-documented quality/process controls in the production
of high-quality AR cast irons.

Microstructure Testing

Anexamination of themicrostructureinafoundry labisoften
not very informative. With normal means, the distribution,
size and shape of the eutectic carbides and the presence or
absence of secondary carbides can be seen. With some more
effort in sample preparation, the presence of pearlite or of
graphite in unbalanced Ni-Hard compositions can be de-
tected. Determining the amount of bainite and retained auste-
nite is possible only with sophisticated research equipment
and a high degree of experience.

Theaustenite content hasasignificant influence on perfor-
mance, and it is often of great interest to know the exact
content in acasting. Unfortunately, the usual austenite deter-
mination by x-ray diffraction gives meaningless results, due
to the textured microstructure of AR cast irons. In order to
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overcomethisproblem, aspecia method (Miller, 1968; Kim,
1979) was proposed wherein the specimen is tilted and ro-
tated, in order to overcome the effect of the texturing. How-
ever, this still gave unsatisfactory results, so an even more
sophisticated method was developed (Fillit et a., 1982). In
any case, x-ray diffraction is a time-consuming process that
canonly becarried out onalaboratory basis, using very small
specimens.

Thefact that austenite is not magnetic (whileferriteis), is
exploited by various instruments, like Magna-Gage,
FerritScope or Permascope, to determinetheferritecontentin
stainlesssteelsor stainlesssteel welds, asin ASTM A799and
A800. A similar approach was introduced to measure the
austenite content in AR cast irons as a shop-floor quality-
control tool. Calibration was made by the x-ray method
(LaCount, 1980; Morton et al., 1995; Subramanyam, 1985).
Therewhere even some specificationswritten askingfor, e.g.,
5% austenite maximum, determined by the FerritScope. Un-
fortunately, the magnetic properties depend on the distribu-
tion and the chemical composition of the various phases,
which, inturn, are afunction of the alloy content, the section
and the thermal history of the casting. The results turned out
to be fairly unreliable. Meanwhile, the producer of the
FerritScope ceased to offer the instrument for this purpose.
Also, the stainless steel experts are suspicious about the
accuracy of the magnetic determination of the ferrite content
e.g., in weldments. The simple magnetic instruments may,
however, be used as a quick, in-house check to control heat
treatment.

Destructive Testing

A number of technological tests have been developed or
proposed to simulate actual service conditions of castings, in
a controlled way. Because the castings are destroyed in the
process, these methodsare used for research and devel opment
purposes. This subject is more fully covered in Chapter 8,
Abrasive and Repetitive-Impact Wear Performance.

The most well-known method is the drop-ball test, where
grinding ballsfall (from a set height) on an anvil, until they
spall or fracture (Dixon, 1961; Blickensderfer et al., 1983;
Laird, 1995). This test simulates service in a ball mill. In
another test, a plate-shaped casting is fixed at one end and a
weightisdropped repeatedly (fromapreset height) onthefree
end. Thislow-cycle impact-fatigue test is supposed to simu-
late conditionsin an impact crusher. Other tests belonging to
thiscategory usesmall ball mills, impact or hammer crushers,
bowl mills etc.

As of this date, several laboratory abrasion and impact-
abrasion tests have been found to be of some usein determin-
ing the abrasive-wear behavior of castings. Albeit, great care
must beexercisedinapplyingthislaboratory datatowardfield
application performance. These tests include the dry-sand,
rubber-wheel (DSRW) scratching abrasion test, the pin-on-
drum abrasiontest, theimpeller-in-drumimpact-abrasiontest
and the jaw crusher gouging abrasion test. For classes of
alloys, such as high-Cr white cast irons, ductileirons, steels,
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these tests, in conjunction with hardness measurements, pro-
vide quantitative information that can be used both to deter-
mine equations of the wear rate as afunction of hardnessand
to rank materials according to their abrasive-wear behavior
(Hawk et a., 1999). These tests can also be combined with
field wear tests to determine the wear behavior of classes of
aloys, in terms of normalized wear rates (Tylczak et al.,
1999). Once the empirical relationships have been estab-
lished, subsequent accel erated |aboratory wear testson alloys
of the same class of materialscan be used to predict field wear
behavior.

Nondestructive Testing
Three nondestructive testing techniques are commonly used
for the quality control of aloyed AR iron castings.

1. x-ray or ultrasound;
2. die penetrant;
3. magnetic particle.

X-ray and ultrasonic testing are used to assess internal
soundness. Die penetrants and magnetic particle testing are
used for surface crack detection and to locate surface
discontinuities.

Internal soundness should be checked on aroutinebasisat
the preproduction stage of al new and “ remethoded” compo-
nents (i.e., castings that have had their patterns changed). In
some instances, an ongoing test is carried out either by
customer demand or as an internal discipline within the
foundry. Inthe most critical cases, 100% of all productionis
checked.

Both x-ray and ultrasonic techniques are standard, but
some experienceisrequired intheinterpretation of ultrasonic
response due to the dispersal effect of the carbides present in
the microstructure. The use of transmission techniques in
addition to normal reflectionisauseful means of quantifying
response. Lower frequenciesarerequired for thicker sections.
With suitable equipment, very heavy section castings can be
sonic tested. Acceptance criteria, sensitivity, resolution and
standards for synthetic flaws have to be carefully discussed
and defined between foundry and customer, because the
charts used for steel castings are not applicable to AR cast
irons, with their coarser and less homogeneous structure.

Die penetrants can be used for surface crack detection are
widely used asacontrol tool. Detection can be done either by
dye penetrant methods for |ocalized examination, or by elec-
trostatic deposition for more general testing. Dye penetrant
methods also reveal surface porosity.

A less-convenient but more-sensitive aternative is the
magnetic particle technique, which can be applied to ferro-
magnetic alloys. Very shallow surface cracks areindicated if
themagnetic field directioninterceptsthe major dimension of
the discontinuity. Also, near-surface defects can be detected,
to some extent. After testing, the casting has to be demagne-
tized. No specialized adaptation of these techniques is re-
quired to examine aloyed AR cast irons.
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Specifying

When ordering AR iron castings, it isimportant to remember
that high-performancecastingsare customized products, made
to withstand demanding environments. A high level of com-
munication between the foundry and purchaser is necessary
for the timely delivery of cost-effective castings that are
capable of meeting application requirements.

It isimportant that the engineers for both the foundry and
the purchaser begin consultation at an early stage and that the
complete design details and dimensions are provided. The
cast design can often be optimized to improve performance
and reduce costs.

International Standards

A good place to start when specifying abrasion-resistant
cast irons is with the standards provided by ASTM A532,
EN 12513 or other international standards (see Appendix E).
Thesestandards provideguidelinesfor thebasi c requirements
and specifications, such as grade, chemical composition,
minimum hardness and hardness level, heat-treat condition
and use of chills.

Thestandardsgiveawide margin for the chemical compo-
sition of each grade. Thisisnecessary because one grade can
be used to produce very thin to very thick castings; e.g., 10-
mm thick mixing paddle liners versus 300-m section crusher
rolls. The wide range of permissible chemical composition
also alows the foundry to select the most economic charge
mix for the casting by price-conscious selection of raw mate-
rialsand alloy additions.

Provided that the requirements and specification of prop-
erties are met, the choice of chemical composition within the
frame of thegradeisbest | eft to thefoundry—unlessthereare
specific reasons or experiences.

The fact that a product obtained from another supplier
previously performed well isno reason to demand exactly the
samecomposition. Thiscomposition could have been used by
chance or in connection with the specific process conditions
at that foundry.

Theproduction processof high-quality AR castirons, from
raw materials to final heat treatment, is very complex and is
dightly different from one foundry to another. Each foundry
islike an individual and it is virtually impossible to exactly
copy the process technology and transfer it to another shop.

During the bidding and design process, emphasis of the
discussions should be on the required properties and specifi-
cations of the finished casting. The foundry should be pro-
vided with detail sof the serviceenvironment; suchastypeand
expected use of the equipment, type of abrasive, static and
dynamic loading and eventual corrosion. Abrasion-resistant
cast iron foundrymen usually have a lot of experience and
know how their products perform. A casting designer iswise
to make use of that experience and knowledge.

Quality Control, Inspection and Specifying

Heat Treatment Specification

The heat-treated condition of the finished casting should be
discussed and understood. Common heat-treated conditions
can be asfollows:

* ascast;

e ascast and stressrelieved (tempered),

* hardened,

* hardened and stressrelieved (tempered);

 soft annealed for machining;

» soft annealed and hardened,;

 soft annealed, hardened and stressrelieved (tempered).

In addition there are several special heat treatments:

e as-cast and subcritical tempering for hardening;

* hardening and subcritical temperinginvariouscyclesto
reduce the austenite content or to achieve a secondary
hardening;

 cryogenic hardening.

The term tempering is not well defined. According to EN
12513 it is a heat treatment between 200 and 550C (392—
1022F). This comprises the normal temper at 220-270C
(428-518F) without significant structural changes, aswell as
the subcritical tempering that transforms retained austenite
and brings about a significant change of matrix structure and
properties.

For pearlitic chilled irons, the depth of chill, the degree of
mottle and, eventually, the method of determining these,
should be agreed on.

Hardness Specification

Animportant and easily measurabl e property ishardness. The
AR cast iron standards specify a fairly low minimum hard-
ness. Actually, in some applications, castings give their best
performance at maximum attai nable hardness, while in oth-
ers, thebest resultsand/or thebest cost-performanceratiosare
achieved with a comparatively low hardness.

In discussing hardness, however, it should not be assumed
that alower hardness means a higher toughness. Thisfeeling,
based on experiencewith quench-and-temper (Q+T) steels, is
completely wrong for AR iron castings. On the other hand,
specifying extremely high hardness levelsis often detrimen-
tal, if it involves very high quench rates with the risk of
cracking or highinternal stresses, or if thetempering hastobe
omitted.

The location and the number of hardness tests should be
agreed on, aswell asthe type of test to be used. Asmentioned
before, hardness conversionsinvolve acertain inaccuracy. If
hardness measurements are to be made as ameans of quality
control during the processing (as-cast, as-quenched, after
tempering), there has to be agreement to, as well as a docu-
mentation of, the heat-treatment cycle.
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General Specification Advice

Testing for soundness and external discontinuities has to be
specified together with the testing method to be used, the test
location and the acceptance criteria.

Theprimary requirement for AR iron castingis, of course,
alongand satisfactory servicelife. Insomeapplications, it has
become customary to giveguarantiesforaminimumlife. This
isasignificant commercial risk that the foundry can take, if
sufficient experience and service data are available.

In ordering and judging performance of AR iron castings,
it has to be kept in mind that abrasion resistance is not a
property of the material but isaquality that is subject to the
service conditions. Seemingly minor changes can have dra-
matic consequencesfor the performance of thewear-resistant
part. Relaying information to the supplier about adverse
changes in service conditions is a good policy. The supplier
can often neutralize such adversities by changing the aloy
composition or the heat treatment of the cast parts with little
or no additional costs.

A continuous relationship and exchange of information
between foundry and end user is essential for the improve-
ment of wear-resistant parts and the development of AR iron
castings that give optimum performance.
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Chapter 7

Production Practices

Abrasion-resistant white cast irons are distinctly different
from the usual gray or nodular cast irons. In many respects,
they are more similar to high-strength steels. In fact, iron
founders who have neglected this fundamental difference
have often experienced much greater difficulties when start-
ing the production of high-quality AR iron castingsthan have
steel founders.

Themain differencefrom normal cast ironsisthat AR cast
irons solidify without graphite. This dramatically changes
their feeding characteristics. The volume shrinkage at solidi-
ficationof AR castironsisnot compensatedfor by thevolume
expansion of the graphite precipitation as it is in gray or
nodular irons. Typically, a solidification shrinkage of about
4-5% will occur. This is ailmost identical to the shrinkage
found in steel castings. Therisering and feeding design of the
mold is, therefore, similar to that of steel castings.

However, in contrast to steel, AR irons have little or no
ductility. Their solidification mode, their carbidic structure
and their various transformations at relatively low tempera-
turesmake AR ironspronetotearing and crackinginall stages
of processing. Furthermore, martensitic AR irons of the Ni-
Hard family and the high-Cr irons are high-alloy materials.
Such high-alloy materials require special process controlsin
both melting and founding.

In Chapter 1, AR castironswere classified into five broad
groups: pearlitic, Ni-Hard or Ni-Cr, Ni-Hard 4, high-Cr and
speciaty. Fromtheviewpoint of foundry production practice,
the AR irons can be divided into the following five groups:

1. Fully White Pearlitic—Abrasion-resistant irons that
are white throughout the whole section, with pearlitic
matrices in the as-cast condition.

2. Chilled—Abrasion-resistantironsfor castingsthat have
a white iron working layer and a gray iron backing.
These irons are usually produced by casting against a
chill and havepearlitic matricesintheas-cast condition.

3. Ni-Hard 1and Ni-Hard 2—Nickel-chromium ARirons
of the Ni-Hard 1 and 2 type, which are martensitic as-
cast.

4. Ni-Hard 4—High-alloyed Ni-Cr AR iron with an aus-
tenitic-martensitic matrix intheas-cast condition; often
heat treated to obtain a more martensitic matrix.

5. High-Chromium—High-Cr castironswith awidevari-
ety of as-cast structures. These irons are usually heat
treated to obtain maximum hardness or toughness, or
resistance to repeated impact.

Fully White Pearlitic AR Cast Irons

This group of pearlitic AR irons was the only abrasion-
resistant white iron available for a long time and was pro-
duced in large quantities for al types of wear parts (Poetter,
1953; Meyer, 1954).

The structure is similar to as-cast malleable iron, but the
carbon content is usually higher. Due to their low toughness
and an abrasion resistance that is inferior to the alloyed
martensitic grades, the importance of pearlitic AR irons has
decreased steadily. Today, their main uses are for low-cost,
small grinding media and some unstressed wear plates and
liners of modest section thickness.

With cost being the foremost consideration, requirements
are often limited to obtaining a minimum hardness. This
requirement is often met by the sole adjustment of thealloy’s
C content. The other elements may vary in a wide range,
provided awhite solidification is assured. Thisis often done
by chill casting, especialy for grinding media.

Chemical Composition

Thesematerialsareclassed ascarbonirons, with carbon being
the basic alloying element. The carbide formed is essentially
FesC.

Melting

In view of the low demands for compositional accuracy and
metallurgical quality, any melting unit can be used. Usually,
cupolameltingisthemost economical way, provided suitable
coke is available at a reasonable price. Charge materials
consist of steel scrap, cast iron scrap, foundry returns and, if
unavoidable, ferroalloy additions. The coke in the cupola
providescarburization. A sulfur pickupishelpful for chilling.
Whilethe C content iskept near eutectic or ashigh aspossible
inview of cracking, the Si content is kept below 1%, usually
about 0.5%, in order to avoid oxidation of the melt and
graphite formation.

Too high a nitrogen pickup of the steel scrap charge can
sometimes be aproblem resulting in gas porosity. Aslong as
N does not cause porosity, itisbeneficial becauseit increases
hardness and suppresses graphite formation. The solubility
limit of N depends mainly on the C content and the type of
molding or the solidification rate. It can be controlled by the
addition of Ti-microalloyed stedl scrap or ilmenite oreinthe
charge.
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(Fully White Pearlitic, continued)

The only useful aloy addition is Cr to provide chill in
heavier sections, but thisis avoided for cost reasons, when-
ever possible. Usually the unsorted steel scrap introduces a
certain amount of carbide stabilizers. Sometimes, some steel-
making pigironisusedinthecharge. Ithasalow Si and ahigh
C content and introduces Mn, which helpsalittlefor chilling
and increases matrix hardness.

The other melting units, such as rotary furnaces, arc fur-
naces or induction furnaces, can be used, especialy if discon-
tinuous production or the energy supply does not justify
cupolamelting. All these melting methods require the addi-
tion of acarburizer tothesteel scrap charge. Pigironisusually
too expensive. It should be kept in mind that the graphite of
gray pig irons, including steelmaking iron, as well as some
carburizers, can act as an inoculant and bring about an unde-
sirable graphite formation. Higher superheat, longer holding
time or the addition of Cr can counteract this. Melting,
superheating and tapping temperatures should be kept aslow
as feasible to reduce costs, however, in practice, are often
fairly high when alot of small castings have to be poured.

Molding, Gating and Risering

The patternmaker’ s allowance for AR iron castings is typi-
cally between 1.8 and 2% (1/4 in./ft), with the usual depen-
dency on the type and shape of the casting.

Grinding mediaconstitutethe major application and use of
pearlitic AR irons. A common manufacturing route isto cast
the iron into chill molds made of high-C gray cast iron. The
chilling power of the metal mold, coupled with the small
diameter of the grinding media, is often more than sufficient
to ensure afully white solidification.

Thecastings can al so be produced in sand molds. All of the
common techniques and binder systems are suitable. The
main precaution is to avoid graphite formation due to slow
cooling ratesin the eutectic region. Chill plates or blocks are
most helpful. Chills have to be kept in good order, to avoid
blowhole defects resulting from surface oxides or humidity
trapped in fissures. When split chills or several chill are used,
thereisarisk of cracksat the parting linesdueto steep thermal
gradients. The parting-linezone of thecastingis subject to hot
cracking because it freezes later than the chilled section and,
hence, isunder aconcentrated tensile stress during its solidi-
fication. Chills are coated and many different chill coatings
are used. The purpose of chill coatingsisto avoid burning-in
while, at the sametime, not insulating the molten metal from
the chill. They are also instrumental in producing smooth,
clean, fine-grained surfaces.

Allowance should be madefor thewarping of castingsthat
arenot symmetrically chilled. For example, asimplerectilin-
ear casting made in a horizontal position with the drag face
chilled, will be convex on the chilled face and concave onthe
oppositeface. Counterwarping the pattern and the chill, if one
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piece, will overcome this difficulty. Warpage is determined
by the thermal gradient within the filled mold. It varies with
pouring temperature, pouring speed, thickness of the casting
and thicknessof thechill. With theseand other factorscoming
into play, it is obvious that warpage figures can only be
determined for particular patterns and conditions.

Runners, ingates and risers should be generousand should
allow adirectional solidification. Nofixed rulecan beoffered
for the number, size, height or positioning of risers, as these
conditions will be determined by the individual case. How-
ever, they should be kept away fromthecritical wear surfaces
and the parting line. The solidification shrinkage depends on
the composition and is between 4 and 5 volume percent. It
decreases with increasing C content.

Theriser moduluscan beestimated at 1.2 timesthecasting
modulusof thesectionto befed. Themassof ariser isintended
to slow and direct the solidification front. With this slower
solidification rate near theriser, therisk of graphiteformation
beneath it can become an issue. Whenever practical, risers
should be surrounded with exothermic sleeves or insulating
refractoriesto increase their effectiveness and improve cast-
ing yield. When the mold is poured, the risers should be
covered with some type of insulating or hot top material to
keep them open to the action of atmospheric pressure. With
large castings, it isfeasible to feed liquid metal from aladle
through an open riser fairly late after pouring the casting. In
order to facilitate riser removal notching or breaker corescan
be employed.

Abrasion-resistant irons are materials with no ductility. A
casting hung by risers in the mold and restrained during
shrinkage runs arisk of tearing. This risk can be avoided or
minimized by suitable positioning of the risers, by the use of
acollapsible mold or by loosening the sand around therisers
after solidification. Thethermal gradients created by aheavy
riser can result in internal stresses, causing cracks. The hot
tearing propensity decreases with increasing carbon equiva-
lent (CE) above 3.5%. It is generally increased with higher
pouring temperature. There are observations that relate it to
the solidification mode of primary dendrites and to melt
processing and charge mix.

Reinforced Pearlitic AR Iron Castings—Reinforced Pearlitic
AR iron castings can be made by inserting sted rods; e.g.,
rebars in the mold and pouring the iron around them. The
intention is not to obtain a bonding by fusion or welding,
because in this case the steel will be embrittled by carbon
pickup and the crackswill passthroughit. Therefore, the steel
iscoated to avoid bonding. Thereinforcement doesnot really
prevent eventual cracking of the ARironbut preventstheparts
splitting apart. Sometimesliner platesfor chutesand binshave
been produced in blast furnace plants in this way by using
liquid pigiron in thisway.

Pouring

No special information.
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Postcasting Processes

Cleaning/Finishing

In handling, cleaning and finishing, it should be recognized
that AR iron castingsare much morebrittlethan steel, nodular
or gray iron. Heavy risers should not be removed with a
cutting torch because of the hazard of thermal cracking. Also
when grinding, excessive pressure hasto be avoided in order
to avoid heat checks.

Heat Treating

The only heat treatment is a stress relief that can be done at
temperaturesupto about 600C (1112F) without risk of graphi-
tization; however, some loss of hardness may occur due to
tempering of the pearlite.

A hardening treatment is rarely used. It involves higher
temperatures that go into the austenite range, above 780C
(1436F). Thisbringsabout agraphitization unlessthe carbide
isstabilizedwith at least 2% Cr. Chilled, fine-grained sections
graphitizefaster than do coarser structures. Liquid quenching
is unfeasible, except for small grinding media, because of
guench cracking. Slower cooling, to avoid cracks, does not
provide sufficient hardening.

Welding

Abrasion-resistant irons are not weldable. The brittle struc-
tureisvery sensitiveto heat checking; therefore, cracksunder
theweldment are unavoidabl e, unlessextremely high preheat
temperatures (above 750C/1382F) are used. Such high tem-
peraturesarecommercially impractical andinvolvetherisk of
graphitization. Fabrication and repair weldingsare, therefore,
not possible, and attempts to weld-repair defective castings
usually aggravate the situation. They can, at best, be a cos-
metic operation.

Machining

A common and obvious way to machine AR irons is by
grinding. Pearlitic AR irons can be machined with carbide,
coated or ceramic tipped tools and, especialy, with cubic
boron nitride (CBN) tools. In order to avoid vibrations and
misalignments of the tool, which may break the casting,
sturdy and very stiff tool machines are required. Milling and
turning pose no major problems.

Drilling small holes and cutting threads is difficult due to
the problems of chip removal. In this case, mild steel inserts
or cores can be used. Mild steel inserts should be well away
fromthe cornersand edges, in order to avoid cracksdueto the
different thermal expansion coefficients. Since they should
have a metallic bonding to the surrounding metal, they must
be absolutely clean and dry when placed into the mold.
Modern coremaking allows even small holes and threads to
be cast.

Soft annealing isnot possible because the structurewill be
graphitized and cannot be rehardened. That is, once the
existing carbides havetransformed to graphite, you then have
amalleableiron.

Production Practices

Chilled AR Cast Irons

Castings that have an AR iron working layer and agray iron
backing are produced by casting against a chill. Typical
castings are some types of rolling mill rolls, camshafts and
tappets, mixing rollers for clay, hammers for some types of
coal crushers and various liner plates. Such castings can, in
fact, be regarded as compound or bimetallic designs.

Requirementsfor chilled castings are as follows; agraph-
ite-free AR outer layer having a controlled and specified
thickness, adefined mottledintermediatelayer andagray iron
backingthatisfreefrom carbidesto provideresistanceagainst
fractureof thewhol e casting and to all ow machining. Meeting
these demands calls for a close control of the chemical
composition, graphite nucleation and chilling effect. Carbon,
silicon, sulfur, manganese, phosphorus and eventual addi-
tions of chromium and other elements must be well balanced
and maintained within close limits. The same applies for all
factorsthat influence graphite nucleation such as raw materi-
als, melt processing and inoculation, thickness and coating of
the chill and pouring temperature.

Chilled Nodular Cast Iron—The toughness and strength of
gray cast ironislimited, and substituting it with nodular iron
should offer many advantages. Unfortunately, it is virtually
impossible to avoid fine nodules forming in the chilled iron
layer. The layer may have a white fracture but under the
microscope nodules are visible at sufficient magnification.
These graphite precipitates greatly reduce abrasion resis-
tance. Adding Cr or any other carbideformer to suppressthem
will result in free carbides in the nodular iron backing and
embrittleittoand below thelevel of gray ironand makeit very
difficult to machine, too.

The high élastic modulus of the nodular cast iron will al'so
result in very high internal stresses in most castings and
increase the risk of cracks. For example, the elastic modulus
of typical gray ironsisaround 112 GPa (16 Mpsi) while that
for nodular iron is around 175 GPa (25 Mpsi).

Chemical Compaosition

These materials are classed as carbon irons, with C being the
basic alloying element. The carbide formed is essentially
FesC.

Melting

Chilled cast irons can be melted in any furnacethat allowsthe
required control of chemical composition and nucleation. At
onetime, thiswasachievedinacupola, reverberatory or open
hearth furnace. The latter have been discontinued for well
over 30yearsdueto poor energy efficiency. Thecupolahasto
operate very consistently with a charge of special pig iron,
returns, selected steel scrap and ferroalloys. Results can be
excellent, but this way of melting is fairly expensive, and
orders are rarely large enough to allow for a cost-effective,
consistent melting campaign.
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(Chilled, continued)

Electric melting is now the standard and usual practice.
Among theel ectric melting choices, arcfurnacemeltingisnot
the first choice, since it affords limited control over nucle-
ation. Mains and medium-frequency induction furnaces are
thepreferred alternative. Charge materials—pigiron, returns,
cast iron and steel scrap, ferroalloys—should be of good and
consistent quality. Infact, theregquirementsarehigher thanfor
melting normal gray iron. The melting cycle, with regard to
temperatures, sequence and time of additions and holding
periods, should be kept constant, because the control and
adjustment of chill depth (distance into the casting to which
white iron extends) depends on experience, to alarge extent.

Rotary furnaces are suitable only if the required close
control of composition and melting conditionsis achievable.

The chill depth of the melt can be determined by means of
atest casting. It isusually arectangular plate (e.g., 200 mmH
x 100 mm L x 20mmW) withitswidth sitting onachill block.
It gives better information than the wedge test, for this
purpose. Depth of chill can be adjusted, to alimited extent, in
the ladle: additions of S or Cr increase it and FeSi, as an
inoculant, decreases it. However, a melt that is way out of
specification is difficult to save, after the fact.

Molding, Gating and Risering

Riseringisnormally not aproblemin chill-cast irons, because
theARironwill befedfromthegray ironside. Thisallowsthe
foundry to usethe gray iron asthe riser with all the attendant
feeding and risering benefits of this material. There is obvi-
ously apronounced directional solidification. Suitablerisers
can be placed on the gray iron part if necessary.

The gray iron backing can be molded by any of the
common sand systems. Ingates should be positioned well
away from the chill to avoid its heating up by hot metal
flowing across it.

Chills are critical. They must be kept under constant
surveillanceand bewell maintained. Worn chillswith deterio-
rated surfacesnot only involvetherisk of surfacedefectsinthe
casting due to reactions with oxides, rust and humidity, but
have also an uncertain chilling power. Chills are aways
coated and many different coatings are available. The pur-
poses of chill coatings are to avoid the burning-in defect and
produce a smooth, clean, fine-grained surface. Coatings are
alsousedto control thechilling effect, to someextent, viatheir
thermal properties. Split chillsinvolve arisk of cracks at the
parting line and should be avoided whenever feasible. Be-
cause the casting is chilled from one side only, warping is
expected to occur and has to be allowed for.

Hot tearing can be a problem. The AR white iron shrinks
during solidification whilethegray iron section expands. This
can easily result in tears within the chilled layer. Contrary to
fully white iron, a higher C content is not beneficial because
more graphite is precipitated in the gray part and increases
expansion. A common countermeasure is to increase the P
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content of up to 0.6%, even if thisreducestheimpact proper-
ties and machinability of the gray part. Phosphorus does not
prevent hot tearing, but the phosphide eutectic remaining at
the end of the solidification has a low melting point and,
consequently, fills and seals the hot tears in the white layer.
Thisisjust acosmetic fix to an underlying problem.

Bimetallic Castings—Centrifugal casting is avery common
and direct way to produce compound or bimetallic pieces. The
AR iron melt iscast into the rotating mold first and then after
ashorttimethegray ironmeltispouredtoformtheinner layer.
Provided timing and fluxes allow agood bonding without too
much mixing of the two materials, excellent results can be
achieved. The same method can be applied for nodular cast
iron. Obviously, afairly widerange of melt compositionsand
typescan be combined oncethe suitableparametershavebeen
established.

Pouring

No special information.

Postcasting Processes

Cleaning/Finishing

Duetothebimetallic nature of the casting and the effect of the
chill, the castings may contain fairly high internal stresses.
This should be kept in mind when handling and cleaning.
Severe shocks and dynamic loading, as well as sudden tem-
perature changes, should be avoided. Tool machines and
fixtures should be rigid to avoid bending stresses or vibra-
tions. Theremay beasmall risk that reducing the section of the
gray iron part by machining, grinding or arc cutting will alter
the stress pattern in such a way that the whole casting will
crack or even explode. Specia care, in thisrespect, hasto be
exercised whenremoving largerisers. Internal stressescanbe
reduced, either by slower cooling in the mold until about
ambient, or by stress-relief heat treatment.

Heat Treating

Stress relief can be given at temperatures up to about 600C
without risk of graphitization of thewhiteiron and decompo-
sition of the matrix of thegray part, but somelossof hardness
due to tempering of the pearlite may occur.

A hardening treatment isunusual and difficult to give, due
to the bimetallic nature of the casting. An exception are
camshafts, where the white and mottled cams are surface-
hardened.

Welding

Whilethe AR whiteiron partisnot weldable, limited repair or
fabrication welding can be done on the gray iron part in the
sameway asfor gray iron castings. Attention should be paid
to fact that the gray part is connected to a brittle and crack
sensitive white part.

If larger weldments have to be done, preheating the whole
casting to 300-500C is advisable, but often not feasible. The
purpose of preheating isto avoid the formation of martensite
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or bainite, asin usual gray iron welding, and also to minimize
thermal stresses between the gray and white iron parts.

When welding with NiFe or soft steel consumables, with-
out preheat, heat input must be low enough to avoid thermal
distortion and significant temperature gradients, especialy
acrossthe gray-white boundary. Prior towelding, itisusually
advisable to stress relief the castings.

Machining

Machining the gray castiron part of the casting isthe same as
for normal gray iron castings. The AR whiteironpartisrarely
machined. If it is necessary, the same principles apply as for
fully pearlitic cast irons.

Ni-Hard 1 and Ni-Hard 2
(Ni-Cr) AR Cast Irons

When considering production practice, Ni-Cr AR ironsof the
Ni-Hard 1 and 2 type (aswell as other gradesthat are alloyed
inasimilar way to be martensitic as-cast) haveto beregarded
as high-strength ferrous materials similar to alloyed steels,
and must beprocessed accordingly (NiDI, 1996; Spear, 1990).
Charge materials, composition, melting practice, molding,
internal and external soundness and surface finish determine
the quality of the castings and their service performance and
must be carefully controlled. Poor production technology and
insufficient process control will result in castings that give
substandard performanceor causeexcessivescraprateswithin
the foundry.

Much of the material covered in this Ni-Hard 1 and Ni-
Hard 2 section also appliesto Ni-Hard 4 AR cast irons.

Chemical Composition

For the chemical composition of Ni-Hard 1 and 2, there are
three rather important guidelines:

1. Regarding the carbon content—A lower C content
results in higher impact resistance, but lower abrasion
resistance, and viceversa. Therefore, the C content has
to be adjusted to the application of the casting.

2. Regarding the graphite content—Excessive C and Si
contents, combined with insufficient Cr content and
inoculation by late additions of Si and other graphitiz-
ing elements may provoke graphite precipitation in
heavier sections. Graphite is detrimental to toughness
and abrasion resistance, but a small graphite content
may not lower the hardness too much. Sometimes, a
ladle addition of about 0.015% Bi is made to suppress
graphite formation. Siliconisusually kept between 0.4
and 0.7%. Lower Si content involves the risk of dag
defects and coarse structure. SometimesaSi content of
up to 1.5% is used to favor a matrix with less retained
austenite and more martensite. However, they have to
be compensated for by an increased Cr level and an
eventual Bi addition.
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3. Regarding the Ni-Cr content—The Ni and Cr levels
have to be adjusted to the casting section size, in order
to achievethe highest hardnessand abrasion resi stance.
This has been discussed in the preceding chapters. Too
low a hardenability (e.g., low Ni content) can result in
high-temperature transformation products of austenite
to pearlite and/or bainite, giving low hardness; too high
ahardenability (e.g., too much Ni) will cause excessive
austenite levels, which impair hardness and resistance
to repeated impact. Figure 7.1 shows the relationship
between hardness and Ni content for three sections.
Table 4.1 (in Chapter 4) gives some guidelines for the
chemical composition for various sand and chill cast
sections.

In general, some guidelines can be provided for the com-
mon aloying elements.

e Manganese is best kept at 0.5-0.8%, but sufficiently
highto combinewithall sulfur. However, medium- and
heavy-section castings have been produced success-
fully with much higher Mn content.

e Copper has sometimes been used to replace Ni for
economic reasons. Up to 2% Cu hasbeen used success-
fully. However, there are someindicationsthat Cumay
be dightly detrimental to toughness. This can be espe-
cialy true when returns are melted or when the melt is
oxidized.

» The Cr:Si ratio should be about 2.7:1 for thin-section
castingsand about 2.9:1in medium and heavy sections.
An increase of Si also demands an increase of Ni,
because Si reduces hardenability, which may result in
pearlite formation. The ratio should be %Ni = 1.3% Si
+ 1.6 for 25-mm (1-in.) sections and %Ni = 1.3% Si +
2.8 for 200 mm (8-in.) sections.

» Phosphorus should be kept below 0.25% or, better,
below 0.15%,; therefore, somepigironsand chillediron
scrap should be limited in the charge mix.

¥ickers hardness

0 1 2 3 4
Micke| content %

Fig. 7.1. Relationship between section size, hardness and Ni
content for Ni-Hard 1 castings (NiDI, 1996). A low hardness at
high Ni content for a given section is due to too much retained
austenite; a low hardness at low Ni content is the result of
pearlite formation.
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(Ni-Hards 1 and 2, continued)
Melting

Ni-Hards can be melted in the cupola, cupola plus duplexing,
rotary, arc or induction and crucible furnaces. The cost and
availability of fuel and electric power and the size and nature
of the castings to be produced, are the usual factors that
determine the type of melting unit to be used. The relative
difficulty in cupola-melting Ni-Hards hasled many foundries
to use electric melting; however, cupola melting is still of
importance.

Because much of this text also appliesto Ni-Hard 4, this
Melting section contains more detailed information than the
other Melting sections in this chapter.

Cupola Mélting (INCO, 1949)

Theoriginal Ni-Cr AR iron compositionswere devel oped
for iron foundry production at atime when cupolas were the
only availablemelting unitsinironfoundries. Cupolamelting
restricts Ni-Cr iron to narrow chemical ranges, and a high
level of operating skill isrequired to produceuniform quality.
Itisessential that the alloyed product be completely isolated
fromother ironsthat arebeing melted. Thiscan bedoneby any
of the following ways:

» Mdting Ni-Hard in an independent cupola.

» Maeélting only Ni-Hardin the cupola, then rebuilding the
bed and melting other iron.

» Médtingotherironsfirst, draining thecupolaof all metal
and slag, rebuilding the bed, charging and melting Ni-
Hard.

Experience has repeatedly demonstrated that efforts to
separate Ni-Hard from other ironsin the cupolaby using coke
spreader chargesof 50, 75 and even 100 cm (20, 30and 40in.)
invariably leads to dilution of the Ni-Hard composition and,
therefore, insufficient quality. This practice should not be
used.

Properly sized coke, melting stock and charges must be
used in order to consistently produce quality Ni-Hard. The
sizeof themetal charge should be such that the corresponding
coke charge has a depth of approximately 15 cm (6in.).

The alloy material istoo valuable to waste asfirst iron of
poor quality that cannot be used for castings. A good preheat-
ing of the coke bed and the cupola refractories (to a high-
temperature prior to the beginning of the heat) is required.

Charge materialsconsist of Ni-Hard scrap or returns, steel
scrap, sometimespigironand/or alloy pigand alloy additions.
A typical chargewould be50% Ni-Hard scrap or returns, with
stedl scrap and alloys making up the remainder.

Alloyed Ni-Cr pig should be viewed with great suspicion.
Such pig is often melted from mixed scrap and residues of
doubtful origin that cannot be used in any other way and may
contain harmful tramp elements. High-all oy steel scrap canbe
used to introduce Ni and Cr instead of Ni or FeNi and charge
chromium.
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The recommended order of charging materials in the
cupolaisasfollows:

1. Stedl scrap, aloyed or unalloyed
2. Pig, Ni-Hard scrap, etc.

3. Returns

4. Alloys

Theusual oxidationlossesencounteredinmelting Ni-Hard
in the cupola are:

e Silicon .......... 0-10%
e Manganese ...... 20-30%
e Nickel .......... nil

e Chromium ....... 10-15%-~

On short heats, it is safe to plan on no loss of silicon. For
heats of an hour or more, aloss of approximately 10% Si will
be experienced over the latter half of the heat. It must be
remembered that Si (or any other chill-reducing element)
should never be added to Ni-Hard as aladle addition because
it will act asan inoculant and produce amottled structure. An
Si content of below 0.4% is not recommended.

Uniformity of alloy content is absolutely essential in Ni-
Hard production. In order to maintain the Ni content at limits
of £0.4% and Cr at £0.15% in cupola production, the follow-
ing precautions must be observed:

» Strictly adhere to the recommendations given previ-
oudly for metal and coke size; carefully charge all
componentstoinsureauniform, horizontal distribution
of materials and avoid bridging.

» Accurately weigh charges, with special emphasisonthe
alloy components.

e Useamixing ladle with the metal level always held at
aminimum of four charges before metal isremoved for
pouring; or, alternately, collect a volume of metal
equivalent to at least four chargesin the pouring ladle
beforeit is sent to the pouring floor.

The C content from the cupola, particularly for thefirst tap
can be rather high (around 3.3-3.6%). Impact properties of
such high-C Ni-Hard are mediocre, and there is a risk of
graphite formation if the Si is on the high side. Permanent
mold casting in chill molds takes care of these problems; in
fact, cupolamelting is best suited for thistype of production.
Typical castings are grinding balls and mill liners.

Other problems in cupola melting can be a high sulfur
content of up to 0.15%, which is detrimental to abrasion
resistance and impact propertiesand can beacause of tearing.
It may be necessary to desulfurize the melt.

Duplexing—Duplexing the cupola iron into an electric fur-
naceisthe easiest way to avoid the typical problems of high-
C, high-Sand alloy variations. The C and other aloy content
can be easily adjusted by the addition of steel scrap to the
electric furnace. Additionally, thereisusually sufficient tem-
perature reserve for desulfurization.
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Rotary Furnace Melting

Melting Ni-Hard 1 and 2 in modern rotary furnaces with
oxygen/gas or oxygen/oil burners has given reasonable re-
sults, provided the burn-off of alloys and the temperature can
be controlled. Carbon hasto be introduced aslow-Si pigiron
or Ni-Hard scrap and returns. This is because steel scrap is
difficult to recarburize by the usual carburizersused ininduc-
tion or arc furnace practice. Gray or ductile iron scrap can
provoke graphite precipitation.

Induction Furnace Melting

Electric melting, especially in mains or medium-frequency
induction furnaces, is the preferred way to produce high-
quality Ni-Hard castings (Spear, 1990). Refractories can be
acid, neutral or basic, but acid refractory linings are most
common. Modern, computer-controlled, medium-frequency
induction furnaces with high-energy density are especially
suited, becausethey all ow the essential completecontrol of all
melting parameters and short melting times.

Thechargematerialsconsist of steel scrap, Ni-Hardreturns
and scrap, eventualy white pig iron with low Si, S and P
contents, and suitable aloy additions. Gray or ductile iron
scrap can lead to graphite precipitation. The Si content hasto
be carefully controlled and an eventual 0.2-0.4% Si pickup
from an acid lining must be considered.

Thequality of induction-melted Ni-Hard dependson care-
ful selection of raw materialswith limited use of returns and
Ni-Hard scrap to allow room for virgin material inthe charge
and amelting practice that produces uniformly low hydrogen
and oxygen contents. If theamount of returnsand scrapinthe
chargeisincreased at the expense of primary materials, some
lossin quality isinevitable.

An increasing amount of returns will increase the oxygen
contentinthemetal. If theratio of returnsand virgin material
iskept constant, aconstant equilibrium oxygen content will be
reached. Oxygenisdetrimental to toughness, so breakage can
occur during handling, heat treatment, or while in service. It
may also be a cause of hot tearing, especially in conjunction
with sulfur. Oxygen interacts with residual Cu to form
embrittling needle-shaped precipitates in the martensitic ma-
trix. The dangerous oxygen content seems to be above 200
ppm, but 600 ppm are not uncommon. Superheating and
holding at temperatures of above 1600C should be avoided.

Hydrogen is usualy introduced by wet, oily or rusty
material charged onto ahedl of molten metal inthefurnace. A
dowly increasing H level may eventually cause subsurface
pinholes in the castings (appearing after blast cleaning) and
later large blowholes. Hydrogen may also be a cause for
cracking in the foundry or for erratic breakage of castingsin
service by a mechanism that seems to be similar to H
embrittlement in high-strength steels. Badly gassed metal in
induction melting can be purged by argon, introduced via a
lance.

Pinholes can have several causes; one is H that is intro-
duced viathe charge. Other causes are wet ladle linings or H

Production Practices

pickup from green molding sand. Inthelatter case, Al isoften
accused to favor H pickup from the sand.

Oxygen content is another cause. Oxidic slags can react
with the C in the melt to form gas bubbles. Thisisfavored by
low pouring temperaturesandlow Si content. Thebubblescan
be open to the surface and are oxidized or they remain
subsurface and metallic. A sufficient seacoal content in the
green sand seems to be beneficial.

Y et another cause of pinholes can be N, which is either
introduced by the chargematerial sor picked up frommolding
sands. Organic binders contain appreciable N content, which
can be accumulated during regeneration. Charge materials
that introduce N can be carburizers or ferroalloys.

Charge materials for induction melting are:

low-Si charge Cr high-C FeMn

steel scrap Ni

Ni-Cr iron returns Craiser

alloy scrap Ni-Mg addition alloy

low-Si, low-S pig iron

For high-quality martensitic AR iron, alloy scrap usage
should be limited to materials that contain only specified
elements. Useof Ni-Hard or Ni-Cr ingot pigged from miscel-
laneous scrap that may contain unspecified and harmful tramp
elements should be limited to casting applications involving
light abrasion loading without impact.

Following are some guidelinesfor cold charging and back
charging in an induction furnace:

Melting Practice for Cold Charging in Empty Furnace
1. Chargein the following order:
e pigiron
o steel
* Ni
* Ni-Cr AR iron returns
2. Méelt down, superheat to 1510C (2750F).
3. Add to furnace:
e chargeCr
* high-C FeMn

4. Superheat to temperature required for handling and
pouring.

5. Tap onto 0.2% foundry grade 75% FeSi or about 0.4%

NiMg15 in the bottom of a hot clean ladle. (The Mg
alloy (NiMg15) should be at about 0.4% to obtain an
magnesium content of between 0.02 and 0.03%.) After
the Mg treatment, the melt should be inoculated with
FeSi.
The Mg treatment, followed by inoculation with FeSi,
has a favorable effect on Ni-Cr AR irons in foundry
processing and in service. It is highly effective in
reducing or eliminating breakagein blast cleaning, gate
and riser removal and in service. The Mg addition
makes the carbides more compact, thereby increasing
the toughness of the aloy. It aso seems to improve
martensite formation.

6. Pour quickly at minimum practical temperaturefor best
results in wear and toughness.
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(Ni-Hards 1 and 2, continued)

Melting Practice for Back Charging on Molten Heel

Standard Practice:

1. Preheat all charge materials to 320C (600F) minimum
to eliminate H pickup from wet, oily or rusty scrap.
Water evaporates below 100C (200F); oil and grease
evaporate at temperatures up to 200C (400F). Rust
requiresaminimum preheat temperatureof 320C (600F)
to drive off the water of hydration. Reheat should,
however, not be so high as to cause scaling.

2. Follow steps 2 through 6 of Cold Charging in Empty
Furnace.

Alternate Practice:

1. Chargein order:

e pigiron
o stedl

* Ni

* returns

2. Méelt down completely. At 1370C (2500F), purge melt
with argon, using graphite lance or steel pipe. Argon
should be introduced 25-30 cm (10-12 in.) below the
surface as finely divided bubbles, with furnace power
on low toroll metal. Purging time depends on heat size
and amount of Ar. Argonvolumeshould besufficientto
roll themetal strongly, without actually throwing metal.
A one-minute purgein a 140-kg (300-1b) furnaceand a
ten-minute purgein a2.8-t (6000-1b) induction furnace
have been ample for eliminating H effects from badly
gassed metal.

3. Follow steps 3 through 6 of Cold Charging in Empty
Furnace.

Effect of Recycling Returns on Melt Quality—Recycling
returns increases the amount of dissolved O in the melt.
Charges made up of a constant ratio of returns to primary
materials(i.e., pigiron, steel scrap) will eventually reachan O
equilibrium. The higher the ratio of returnsto primary mate-
rialsin the charge, the higher the equilibrium of oxygen. The
lower the ratio of returnsto primary materialsin the charge,
the better the melt quality will be. Making up the charge with
aconstant ratio of returnsto primary materials will promote
uniform quality in the metal and the castings.

Copper is sometimes used as an alloying addition to
replace part of the Ni in martensitic AR irons. This can have
an embrittling effect, when large percentages of returns are
recycled in induction melting, or when metal is held in the
furnace for long periods of time. With Cu content is over
0.25%in heavily recycled material, the Cu effect showsup as
bands or needles of carbide extending across the martensitic
matrix. The embrittling effect can result in casting breakage
during handling or erratic casting breakage during service.
Copper has no detrimental effect on an initial induction
furnace melt made with primary materials, or in arc furnace
heats that are refined by oxygen lancing.

A high-O contentintheNi-Crironshasadetrimental effect
on toughness. Superheating and holding at temperatures over
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1640C (3000F), in arc and induction furnaces, to get rid of
hydrogen gassing, hasresultedin erratic prematurefailures of
grinding mill liners. Long holding times for molten metal in
channel or large coreless induction furnaces also results in
high O content in the cast metal. Oxygen content of 200600
ppm are common in cases of premature failure of mill liners.

Hydrogenisadetrimental element, evenwhenit ispresent
at below the H level that can cause gas defects in castings.
Hydrogen atoms will migrate to stressed or work-hardened
areas in castings. Hydrogen gas forms at inclusions or in
porousareas, rupturing thecastings. Thiscan occur asdelayed
cracking beforethecasting goesinto serviceor aserratic early
failure while in service.

Sulfur content can become a problem with increasing O
content in the Ni-Cr irons. Sulfur trouble first shows up with
increasing O content. Sulfideinclusions appear in a Chinese-
script form, causing asubstantial increaseinimpact wear rate.
Athigher O content (over 200 ppm) theNi-Cr iron canbecome
sensitive to hot tearing, subject to cracking during heat treat-
ment and suffer erratic breakage in service.

Low-melting metals—tin, lead, arsenic, antimony—seg-
regate to the cell boundaries during solidification of marten-
sitic AR irons and cause embrittlement. Lead contamination
also greatly increases susceptibility of Ni-Cr AR iron to
hydrogen gassing when returns are recycled by induction
melting.

Arc Furnace Mélting

The basic principles for arc furnace melting of Ni-Hards are
the same as for induction melting. However, the arc furnace
offers the possibility of refining the melt by a carbon boil or
oxygen lancing. A boil-out of about 0.3% C isusually suffi-
cient. In this way, H can be removed from the melt, and
problems due to high contents of returnsin the charge mix or
due to Cu can be eliminated.

Molding, Gating and Risering

Much of theinformation for Ni-Hard 1 and 2 isthe sameasfor
Chilled Cast Irons.

All sandsand binder systemsused for gray and ductileiron
castingsor steel castingscan be used to make moldsand cores
for theNi-Hard castings. The patternmaker’ sshrinkageruleis
between 1 and 2% (1/8to 1/4in. per ft). Typical valuesfor Ni-
Hard 1 and 2 are 1.25% for restricted and 1.95% for unre-
stricted shrinkage. Chills and insulating or exothermic riser
dleeves can be employed in asimilar way asfor cast steel in
order to improve feeding and casting yields. Break-off cores
at riser contact are useful in removing risers. A 60-degree
angleisusual.

Chills have to be kept in good order to avoid blowhole
defectsresulting from surfaceoxidesor fromhumidity trapped
infissures. Chillsare coated and many different chill coatings
are used. The purpose of chill coatings is to avoid burn-in,
whileat thesametimenot insul ating themolten metal fromthe
chill. They are also instrumental in producing smooth, clean,
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fine-grained surfaces. For heavy castings, like coal crusher
rolls, zirconiawash is often applied, which may be topped by
agraphite paint.

When split or several chills are applied, thereisarisk of
cracksat the parting lines, dueto steep thermal gradients. The
parting line zone of the casting is subject to hot cracking
because it freezes | ater than the chilled section and, hence, is
under aconcentrated tensile stressduring its solidification. If
individual or spot chills are used to enforce a directional
solidification, they should have rounded edges or even be
circular to avoid stress concentrations. A distance of 2040
mm (3/4-1-1/2 in.) should be kept between adjacent chills.

Ni-Hard 1 and 2 castingsof simpleshapewithout corescan
be produced in chill or permanent molds. Casting Ni-Hard 1
or 2 against achill or in chill molds gives ahigh cooling rate
and providesafine-grained structure. Chill casting also offers
the possihility to utilize higher C and Si contentswithout risk
of graphite formation, which significantly improves abrasion
resistance. Thisisin contrast to high-Cr irons or Ni-Hard 4,
where chilling does not provide any benefit but seems rather
tohaveadetrimental effect onabrasionresistance. Permanent
mold casting is of special benefit with cupolamelting, where
some of the disadvantages (with regard to chemical composi-
tion, especially the high C content) can be overcome.

The beneficial effect of chill on abrasion resistance and
mechanical properties of Ni-Hard 1 and 2 is frequently used
by casting the wear side of the part against achill plate. If one
side of the casting is cast against a chill, distortion can occur
dueto the different cooling rates and warpage hasto allowed
for. For example, a simple rectilinear casting made in a
horizontal position with the drag face chilled will be convex
on the chilled face and concave on the opposite face.
Counterwarping the pattern and the chill (if one-piece) will
overcome this difficulty. Warpage is determined by the ther-
mal gradients within the filled mold. It varies with pouring
temperature, pouring speed, thickness of the casting and
thicknessof thechill. Withtheseand other factorscominginto
play, itisobviousthat warpagefigurescan only bedetermined
for particular patterns and conditions.

The Ni-Hard cast irons do not contain graphite and, there-
fore, their shrinkage behavior at solidification is similar to
steel.

Runners, ingates and risers should be generous and should
promoteadirectional solidification. Thesolidification shrink-
age depends on the composition and isbetween 4 and 5 vol.%
and decreaseswith increasing C content. Pouring through the
riser or ingatesinto or under theriser are often advantageous.
The feeding distance for Ni-Hard is similar to or somewhat
greater than found in the steel casting of similar section
thickness and configuration. A first approximation isthat the
feeding distance be 47 times the riser diameter, but thereis
some influence of the melt quality. No fixed rule can be
offered for the number, size, height or positioning of risers, as
these conditions will be determined by the individual case.
However, they should be kept away from the critical wear
surfaces. The riser modulus can be estimated at 1.2 timesthe
casting modulus of the section to be fed. Figures 7.2 and 7.3
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show two examples of the feeding and ingating of high-
performance castings for coal crushers.

Whenever practical, risers should be surrounded with
exothermic sleeves or insulating refractoriesto increase their
effectiveness and improve casting yield. When the mold is
poured, the risers should be covered with some type of
insulating or hot top material to keep them open to the action
of atmospheric pressure. With large castings, it isfeasible to
feed liquid metal from aladlethrough an openriser fairly late
after pouring the casting.

Themassof ariserisintended to slow solidification, which
involves the risk of graphite formation beneath it. The tem-
perature differences between theriser and thethinner sections
of the casting can giveriseto severe thermal and transforma-
tion stresses.

In order to facilitate riser removal notching or breaker
cores can be employed. A 60-degree notch gives a clean
break-off.

Shrinkage depends on the amount of retained austenitein
the matrix because austenite has a higher shrinkage coeffi-
cient than martensite, pearlite or ferrite. This results in a
peculiarity that must be kept in mind. The casting has an
austenitic matrix after solidification, and shrinkswith afactor
close to 3% until the onset of the transformation of austenite
to martensite. Thetransformation startsat about 250C (482F)
for Ni-Hard 1. This transformation is accompanied by a
volumeincrease so that the shrinkage stops or even turnsinto
an expansion. The difference of the shrinkage curve between
unalloyed, white pearlitic AR iron and Ni-Hard is shown in
Fig. 7.4.

Temperature differences and associated differences in
austenite transformation can create high stresses, in thisway,
which can either remain as internal stresses or cause the
casting to rupture.

A casting hung by risersin the mold and restrained during
shrinkage runs arisk of tearing. This risk can be avoided or
minimized by asuitable positioning of therisers, by the use of
acollapsible mold, or by loosening the sand around therisers
after solidification. Especially, internal cores should be col-
lapsible. Thestressesare higher than in steel castingsbecause
AR irons are stronger, have little ductility and Ni-Hard irons
shrink longer and to lower temperatures. In Fig. 7.4, the
shrinkage of steel would be similar to pearlitic AR iron.

Thecooling rate should be asslow as possibleto below the
critical range of martensite formation; that is, to below about
100C(212F) . Small castingsshould beallowedto cool slowly
in the sand mold to below 50C (122F). Large castings can be
shaken out early, alowed to cool to dull red heat and then
covered withinsulating material to allow themto cool slowly
through the critical range between 300 and 100C (572-212F)
and almost to ambient. Sometimes, critical castingsaretrans-
ferredintoafurnacefor controlled cooling. Theserecommen-
dationsdo not apply for chill-cast grinding media; for them, a
hot shake-out and air cooling to below 400C (800F), followed
by slow cooling, is recommended (INCO, 1949).
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(Ni-Hards 1 and 2, continued)
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Fig. 7.2. Feeding and ingating for an E10 track ring of a coal
crusher. It consists of twelve 280-mm (11-in.) dia feeders; 18
ingates 57x10 mm (2-1/4x3/8 in.) with 3-mm (1/8-in.) taper on
each side; 75-64x100-mm (3-2-1/2x40-in.) runner bars and 6
downsprues 50 mm (2 in.) diameter.

Fig. 7.3. Feeding and ingating of a crusher roll with four 200-
mm (8-in.) dia feeders with exothermic sleeves; 3 ingates
75x100 mm (2-1/2x3/8 in.) running in at the joint line; runner
bars, fifty 38x50 mm (2-2-1/2x2in.).
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Fig. 7.4. Shrinkage curves of unalloyed, white pearlitic AR iron
and Ni-Hard.
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Bimetallic Ni-Hard Castings—The ideato combine the high
abrasion resistance of Ni-Hard with the toughness and ma-
chinability of steel or graphitic cast iron has led to the
development of various techniques to produce bimetallic or
compound castings.

Ni-Hard 1 and 2 are especially suited for bimetallic cast-
ings because Ni-Hard attainsits abrasion resistancein the as-
cast condition or after only alow-temperature heat treatment,
thereby avoiding problems due the different transformation
behavior and expansion coefficients of the two different
meaterials.

A simple and efficient way is to reinforce Ni-Hard by
means of cast-in steel barsor rods. The diameter of therodsis
adapted to the section of the casting and they are placed well
removed from the working face. The reinforcement extends
both longitudinally and laterally in the casting and can, in
some cases, have the form of alattice or spiral arrangement.

Careistakentoavoid ametallic bond of thesteel rodstothe
cast metal. Thisisdoneto avoid embrittlement by carburiza-
tion of the steel, high stresses due to different expansion
coefficientsand defectsdueto reactionsbetween melt and rust
on the steel rod. Usually a refractory coating or a thin sand
layerisused. Obvioudly, thereinforcement cannot compl etely
avoid cracking of the Ni-Hard under severe dynamic stresses,
but it prevents compl ete breakage and allows the casting to
remain in service until it isworn out.

True bimetallic castings are produced by pouring two
melts. The problem isto obtain agood bonding at the desired
position in the casting without over mixing the two materials.
This requires careful control of timing, temperatures, quan-
tity, gating and pouring velocities. The technique has along
tradition in rollmaking, whererolling mill rolls, consisting of
an AR iron working shell and a gray or ductileiron core and
journalsarecommon. Thevertical cylindrical chill moldwith
sand-molded journalsisfirst completely filled with Ni-Hard
melt. The solidification starts from the chill, progressing
toward the center of the body. After aspecific time, only the
center and the sand-molded journals are still liquid. Now the
second melt is poured through the same gate at the bottom of
themold. Risinginthemold, it pushestheremaining Ni-Hard
melt out through thetopjournal, until thecoreandthejournals
arefilled with softer material.

This deceivingly simple technique is obviously not appli-
cableto castings of different and more complex shape. Here,
more sophisticated methods have to be applied to achieve
bonding without too much mixing. Oneway isto separatethe
two melts for a specific time interval by means of a sheet of
stedl or nickel in the mold cavity. Another isto employ two
pouring systems.

Centrifugal castingisatechniquewell suitedtotheproduc-
tion of bimetallic Ni-Hard castings. It has been used exten-
sively inrollmaking andin the production of other castings of
symmetrical and cylindrical shape, such as various crusher
rollswith an outer Ni-Hard working shell, or pipeswherethe
Ni-Hard ison theinside. Provided that process parameters—
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such astemperatures, timing and fluxes—are determined and
allow a good bonding without too much mixing of the two
materials, excellent resultscan beachieved. Thesamemethod
can be applied with nodular cast iron or steel. Obviously, a
fairly wide range of melt compositions and types can be
combined, once the suitable parameters have been estab-
lished.

Pouring

Pouring temperatures should beaslow asfeasiblewith regard
to the type and section of the casting. For heavy sections
1350C (2462F) is fully sufficient. Temperatures should not
exceed 1450C (2642F), in order to obtain a fine-grained
carbide structure. For low C content, the diagrams showing
thevariation of liquidustemperaturein Chapter 2, Solidifica-
tion (Fig. 2.8) can be consulted. Pouring should be fast to
avoid the formation of an oxide skin on the melt surface. A
pressurized gating system minimizes air aspiration and helps
to avoid slag defects. A large pouring basin with stopper is
helpful to keep the running system full and prevent slag and
dross from entering the casting through the downsprue.

Postcasting Processes

Cleaning/Finishing

Risers and ingates are knocked off. Care must be taken to
avoid breaking into the body of the casting. The as-cast Ni-
Hards are not only harder and more brittle than steel or gray
iron but also more sensitive to heat checking due to their
austenite content. Risersshould not beremoved with acutting
torch because of the hazard of thermal cracking. Surface
cleaning is done in the normal way. In the grinding of riser
stumps, the temperature generated during grinding must be
controlled. Excessive grinding pressures must be avoided in
order not to overheat the surface and cause grinding cracks.
Comparatively soft grinding wheels are normally used, often
of thezirconia-aluminatypewith mediumabrasivegrainsize.
Complex castingsmay contain significant internal stresses. In
critical cases grinding is best be done after stress relief heat
treatment to minimize the risk of heat checking, grinding
cracks or gross cracking.

Heat Treating

Ni-Hard 1 and 2 castings are usually given astressrelief heat
treatment at 225-275C (440-530F) for 4to 12 hours, followed
by furnace cooling. Other heat treatments are possible and
have been described in Chapter 3, Heat Treatment.

Welding

Like other AR irons, Ni-Hard 1 and 2 are not weldable. The
brittle structure is very sensitive to heat checking so that
cracks under the weldment are unavoidable. Fabrication and
repair weldings are not possible, and attempts at weld repair-
ing defective castings usually make the defect worse. They
can, at best, be a cosmetic operation.

In some cases, cast-in low-C steel insertsareused to allow
welding of the Ni-Hard castingsto other parts of afabricated
assembly.

Production Practices

Hardfacing ispossible, and iswidely employed to recover
worn crusher rolls. However, in this operation, theaim is not
to produce a crack-free weld overlay. The hardfacing layer
always contains numerous small cracks. These do not pen-
etrate deeply into the underlying Ni-Hard casting. The
hardfacing is done under carefully controlled conditions,
where the casting is not allowed to heat up over acertain low
temperature. Rolls, e.g., are in fact cooled during welding
fromtheinside surface and are sometimes placed in ashallow
water basin. (An example of hardfacing can be found in
Chapter 10, Applications.)

Machining

Ni-Hard castings can be machined, despite their high hard-
ness. Due to its lower carbide content Ni-Hard 2 is easier to
machinethanisNi-Hard 1. Soft annealingisnot possible. The
matrix structure cannot be sufficiently transformed to pearlite
without risk of graphitization.

An obvious method of machining Ni-Hard isgrinding. In
order to avoid heat checking, wet grinding is preferred. On
modern wet-grinding machines, large surfaces of Ni-Hard
castings can be machined in avery economic way, with close
tolerances.

An essential requirement for machining with cutting tools
isto maintain maximumrigidity, bothintheworkpieceandin
thecutting tool. Lathesand millsmust have heavy head stocks
that are robust and in good condition.

Sintered carbide tools can be used, but wear is rapid.
Modern ceramic tools, especially cubic boron nitride (CBN),
give much better results and allow machining by turning and
milling without loosing surfacefinishand accuracy duetotool
wear. Machining pump casingsand rollersfor coal millswith
CBN is an established practice today (Blackman, 1990;
DeBeers). Table7.1 contai nssuggested machining conditions
for turning Ni-Hard castings. Typical datafor machining 946-
mm OD mud pump casings of Ni-Hard 2 with casting skinon
vertical boring mill with CBN are as follows (DeBeers):

Surface speed of the workpiece ....40 m/min
Depthofcut ................... 1-1.5mm
Feed rate during roughing . ........ 0.4 mm
Feed rate during finishing ......... 0.25 mm

Therisk of breaking the expensive CBN inserts on defects
in casting surfaces is often thought to be too high. In such
cases, less expensive and tougher CBN-containingsili-
con nitride tools can be used, despite their lower wear life.

Table 7.1
Suggested Machining Conditions for
Turning of Ni-Hard With 570-750 HBN with CBN (DeBeers)

Machining Surface Maximum Feed
Operation Speed Depth of Cut Rate
[m/min] [mm] [mm/rev]
Finishing 40-80 1.3 0.0-0.15
Light roughing 40-80 2.0 0.05-0.20
Rough turning 40-80 3.2 0.05-0.40
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(Ni-Hards 1 and 2, continued)

Drilling holesand tapping isal so possiblewith CBN toals,
provided the diameter islarge enough. For small holes, often
cast-in mild steel inserts are employed. The inserts must be
clean and dry in order to avoid formation of defects by
reactionswiththemelt. Mild steel insertsshould bewell away
fromthecornersand edges, toavoid cracksdueto thedifferent
thermal expansion coefficients or during machining the in-
sert. The inserts must also be located sufficiently far away
from the wear surface so that they cannot become exposed
after sometimein service. Since they should have a metallic
bond to the surrounding metal, they must be absolutely clean
and dry when placed into the mold.

In many cases, holes and even threads can be cast-in by
suitable cores with sufficient accuracy. In such precast holes,
stedl inserts can be screwed-in and, later, tapped. Theremain-
ing Ni-Hard section must be thick enough to avoid bursting
when the steel insertisputin.

Small holes can also be cast-in by means of quartz glass
tubes, available in lab supply shops.

Ni-Hard 4 AR Cast Irons

Ni-Hard4isa9Cr-6Ni-2Si AR castiron. Itisdesignedtogive
astructurewith rod- or blade-like eutectic M,C5 carbides and
amatrix that, in the as-cast condition, isfree from pearlite. It
is predominantly austenitic, even in very heavy-section cast-
ings. After heat treatment, it is predominantly martensitic.

Details of the microstructures have been discussed in
Chapters 2, 3 and 5 on Solidification, Heat Treatment and
Morphology, respectively. The desired carbide structureisa
result of the joint effect of the Cr, Ni and Si contents at a
eutectic or slightly hypoeutectic C content. This means that
control of the chemical composition is essential for high-
performance castings. Besidestheir effect onthecarbidetype,
the elements have important additional effects on structure
and properties.

Bimetallic Castings—Bimetallic castings can be produced in
the sameway asdescribed for Ni-Hard 1 and 2, but are rather
rare. The heat treatment of two different materialsisdifficult
and Ni-Hard 4 in the as-cast condition offers no advantages
over Ni-Hard 1 or 2.

Chemical Composition

Nickel is added to ensure a pearlite-free matrix in the as-cast
condition. The exact Ni content depends primarily on the
section and type of casting, but a minimum of about 5% Ni
should be maintained to avoid pearlite formation during slow
cooling in the mold or during heat treatment. Higher Ni
content than 6.5% will stabilize the austenitetoo much, and if
ahigher hardenability isthought necessary, an addition of Mo
is a better solution than a further increase of the Ni content.
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Siliconisan essential element to ensurethe correct carbide
structure. Theminimum Si content can belowered if ahigher
Cr content combined with alower C content isused. Contrar-
ily, the Si content must beincreased if higher C compositions
are used. However, raising the Si content above 2% involves
therisk of graphite precipitation in heavy sections, especialy
if the Cr content ison thelow side and the C content ison the
high sideof therange. Therefore, itisrecommendedtoaimfor
an Si content of between 1.8 and 2.0%. Another effect of Siis
that it favors the transformation of austenite to martensite,
thereby increasing hardness.

The effect of Si on graphite formation has to be compen-
sated for by a sufficient amount of Cr, and Cr also increases
hardenability, even if the major part is concentrated in the
carbidephase. However, increasing the Cr content above 10%
offers no advantage but will make it more difficult to trans-
form the as-cast austenite to martensite.

The C content of Ni-Hard 4 gives a eutectic or slightly
hypoeutectic composition. The C content determines the
volume fraction of eutectic carbides, which is about 20% at
2.5% C and 30% at 3.5% C, respectively. Usually the C
content iskept between 2.9 and 3.2% asareasonabl e compro-
misebetween demandsfor abrasionresi stance and toughness.
At higher C content, thereisaso arisk of graphite formation
in heavy sections, if the Si content is high.

Manganese increases hardenability but, even more, in-
creasesaustenite stability and should, therefore, bekeptinthe
recommended range of 0.4-0.6%. Alloys with higher Mn
contentshave been proposed several timesbut their structures
are extremely difficult to control.

Molybdenum will improve hardenability without undue
stabilization of the austenite; therefore, 0.5-1.5% Mo can be
added to increase the hardenability in heavy and very slowly
cooled castings. This is preferred to raising the Ni content
above 6.5%.

Copper has been proposed as substitute for Ni, but results
have been unsatisfactory.

Sulfur and phosphorus are detrimental to the toughness of
Ni-Hard 4 and should be kept to the lowest feasible level.
Sulfur has been shown to reduce the abrasion resistance.

Melting

Ni-Hard 4 is best melted in electric furnaces. Cupolamelting
does not alow the required close control of the chemical
composition. Cupola melting plus duplexing has been done
successfully, however. Rotary furnacesal so posethe problem
of controlling composition and temperatures.

Electricmelting practiceof Ni-Hard 4isalmostidentical to
the practice described in detail for Ni-Hard 1 and 2.

Thechargematerialsconsist of Ni-Hard returns, which can
be either Ni-Hard 4 or Ni-Hard 1 and 2, steel scrap and,
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eventually, pigironwith low Sand P contents. Stainless steel
scrap can beused tointroduce Ni and Cr instead of ferroalloys
or metallicNi. Silicon can beincreased by FeSi additions. The
same precautions as described for Ni-Hard 1 and 2 apply.

Little advantage has been found in Mg treatment or inocu-
lation of Ni-Hard 4. In any case, inoculation cannot improve
apoor carbidestructurebrought about by apreviousexcessive
overheating of the melt.

Tapping temperature is about 1450C (2642F). As can be
seeninFig. 2.17in Chapter 2 on Solidification, Ni-Hard 4 has
about the same liquidus temperature as Ni-Hard 1 and 2.

Molding, Gating and Risering

All sand and binder systems used for gray and ductile cast
ironsor steel castings can be used to make moldsand coresfor
Ni-Hard 4.

The patternmaker’ s shrinkage rule is between 1.5% and
2.5%. Typical values are 1.80% for restricted and 2.25% for
unrestricted shrinkage. When the castings are heat treated,
they undergo achangeof matrix structurefrom predominantly
austenitic to predominantly martensitic. This transformation
accountsfor apositive volume change. Thishasto be consid-
ered in the shrinkage allowance of the finished casting.

Molding, gating and risering methodsfor Ni-Hard 4 arethe
same as for Ni-Hard 1 and 2.

While chills can be used in the same way asfor Ni-Hard 1
and 2, to ensure directional solidification, chill or permanent
mold casting is not useful for Ni-Hard 4. The grain-refining
effect does not improve properties or abrasion resistance.

Thefeeding distanceof risersfor Ni-Hard 4 isoften quoted
tobel10timestheriser diameter, but thisisnot alwaysthecase.
In someinstances, much shorter feeding distances are needed
andfeeding problemshavebeen observed, which seemvaguely
related to metal quality, pouring temperatureand riser height.

Heavy risers can create significant stresses in relatively
thinner sections, because the dow cooling riser will form
more martensite than the thinner section and thus expand
more. This can then crack the thin section of the casting.

Pouring

No special information.

Postcasting Processes

Cleaning/Finishing
For riser removal, cleaning andfinishing, the sameprocedures
apply asfor Ni-Hard 1 and 2.

Heat Treating
Ni-Hard 4 castings are almost always given a hardening heat
treatment consisting of soaking at 780-850C (1436-1562F),

Production Practices

followed by furnace cool and a stress relief. Details are
described in Chapters 3 and 4 on Heat Treatment and
Hardenability, respectively.

The hardening mechanismisadestabilization of the auste-
nite present in the as-cast condition which allows a transfor-
mation to martensite during slow cooling below about 500C
(932F). Thisiscompletely different from the hardening treat-
ment for steels or high-Cr irons, where a rapid cooling or
guench is necessary to avoid a transformation to pearlite or
bainite at the expense of martensite. If aNi-Hard 4 casting has
an insufficient hardness, it is usually due to high retained
austenite, not pearliteor bainite. Faster coolingwill reducethe
hardness by maintaining more austenite. A hardnessincrease
isobtained by slower cooling below 500C (932F). Coolingis,
therefore, done in a furnace, either immediately from the
destabilizationtemperatureor after still air cool to about 600C
(1112F).

Welding

Like the other AR irons, Ni-Hard is not weldable without
cracks occurring under the weldment and in the heat-affected
zone. Repair weldings are, therefore, not possible and at-
tempts at weld repairing defective castings should not be
undertaken. They can, at best, be a cosmetic operation.

Hardfacing is possible and widely used to recover worn
crusher rolls. Even new rollsare hardfaced, in order to extend
service life. The Ni-Hard 4 roller serves as backup, if and
when theweld overlay isworn. A stedl or ductile iron would
be destroyed in avery short time, forcing an unplanned plant
shutdown. The weld overlay is not intended to be crack free.
Thehardfacing layer awayscontainsnumeroussmall cracks;
however, they do not penetrate into the underlying casting.
Welding isdone under carefully controlled conditions where
thecasting isnot allowed to exceed acertain |ow temperature.
During welding, rolls must be cooled from the inside surface
and, sometimes, be cooled in awater basin. (An example of
hardfacing can be found in Chapter 10, Applications.)

Machining
Ni-Hard 4 is machined in the same way as Ni-Hard 1 and 2,
especially with cubic boron nitride (CBN).

High-Chromium AR Cast Irons

High-Cr irons cover arange of compositions between 12 and
over 40% Cr and 1-4% C, plus several additional elements
likeMo, Ni, Cu, V, etc. Thisrange coversstrongly hypoeutec-
tic aloys, which are often regarded as steels, as well as
eutecticand hypereutecticirons. Thiswidecompositionrange
together with various possible heat treatments allows one to
optimize them for different applications.

Bimetallic Castings—Bimetallic castings can be madein the
sameway asNi-Hard 1 or 2. Heat treatment of the bimetallic
castings creates problems, so the high-Cr iron isusually used
as-cast and stress relieved with a predominantly austenitic
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(High-Chromium, continued)

matrix. In the stedl industry, bimetallic or duplex high-Cr
castingsare quite common, and extensiveresearch and devel -
opment has enabled many of these roll manufacturers to
develop heat treatments that produce predominantly marten-
sitic matrices.

Chemical Composition

The AR grades are usually in the range of 12—-26% Cr and 2—
3.5% C. Their contents of C, Cr and other alloys, like Ni, Cu,
V, etc., are selected, based on the application and previous
experience. The basic factors for the composition are the
requirements for toughness, hardenability, heat treating re-
sponse and alloy cost.

Basic hardenability is provided by the Cr availablein the
matrix, which is defined by the C:Cr ratio. Additional
hardenability is provided by Mo, Ni and or Cu. Manganese
promotes hardenability at |ow cost but makesit moredifficult
to control hardness and retained austenite in castings of
varying sections.

The low-C alloys with Cr content above about 28% are
used mainly for applications where attack by corrosion and
abrasion is combined. Their composition leads to higher
liquidus and solidus temperatures and, therefore, requires
higher melting and casting temperatures. In general, they are
more difficult to melt and processthan the more common AR
grades.

Most low-C ironswith over 28% Cr areferritic as-cast and
cannot be hardened to afully martensitic matrix. They are put
in service after stressrelief. At very high Cr levels, a special
heat treatment is often necessary to eliminate the sigma (o)
phase. Additions of Ni and or Cu can be made to obtain
austenitic or austenitic-ferritic structures, as-cast or after heat
treatment.

Melting

The high-Cr AR irons are readily melted in induction or arc
furnaces. Most productionisin acid-lined furnaces, but basic
liningsand neutral linings may be used. The cupolaisunsuit-
ablebecause of the high and uncontrollable carbon pickup due
to the high-Cr content. Rotary furnaces pose problems with
temperature control, slag formation, high-Cr loss of 10-25%
and excessive lining wear.

Sincethereislittle or no Ni-free high-Cr steel scrap avail-
able, the Cr AR irons are generally produced using foundry
returns and virgin materials. Limiting furnace charges to
materials of known composition and quality isagreat advan-
tage in producing a product consistent in composition and
quality. The high-Cr AR irons are not suitable for holding
in the molten state for long periods of time, because the
reactivity of theCr resultsin excessiveincreasein oxygenand
hydrogen contents. Here, modern high-powered medium-
frequency induction melting with computer control is a dis-
tinct advantage.

124

Induction Furnace Melting
Suggested raw materials and air induction melt practice are
asfollows (Spear, 1990):

Charge Materials
Low-C steel scrap (BOF* steel, if possible)

Cr AR iron returns High-C FeMn

Low-Si pigiron FeMo

Low-Si charge Cr Foundry grade 75% FeSi

Low-C FeCr Ni or FeNi, Cu and other
ferroalloys

*Basic Oxygen Furnace

The quality of high-C ferroalloys is generally excellent
with regard to cleanliness, low gas content (O and H) and the
absence of significant amounts of unidentified and undesir-
able elements. A large late addition of high-C FeCr to an
induction furnace melt acts as a powerful diluent and deoxi-
dizer.

Molybdenum is usually added as FeMo, but moly oxide
briquettesmay beused if they areincluded in the solid charge
and kept submerged in the melt.

Silicon content should beaimed at 0.7%. Lessthan0.4% Si
in the melt can cause difficulties with viscous slag; higher Si
content can promote pearlite during heat treatment. In 26-Cr
irons, higher Si improves fluidity and feeding distance and
results in grain refining, with improved resistance to shock
and higher bending strength. Above 1% Si, the iron becomes
embrittled and the matrix structure may become partialy
ferritic.

The Mn content may range from 0.5 to 1.5%. Manganese
on the high side of this range can erode acid furnace linings.
Manganese content should be limited to 1% in meltdown and
the remainder can be added to the ladle as crushed ferroalloy.

Melting and Charging Practice

1. Chargein order:
e pigiron
» steel scrap
* Cr ARironreturns
* Mo, Ni and/or Cu

2. Méelt down, superheat to 1480C (2696F) for normal C
and Cr levels. For low-C ironswith high-Cr content of
28% and above, temperatures over 1600C (2912F) are
required to ensure solution of the FeCr

3. Add low Si charge Cr in small enough batches so that
additions sink into the melt without freezing over the
surface metal.

4. As soon as al the Cr has melted, heat to minimum
superheat temperature required for handling and pour-

ing.
5. Add high-carbon FeMn to the furnace.

6. Tap immediately onto makeup Si as foundry grade
Fe75Si in the bottom of a hot clean ladle.

7. Pour castings at minimum practical temperature.
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The melting practiceisbased on charging and melting the
least oxidizable materials first, then progressively charging
the more oxidizable materias, and finishing up with the most
oxidizable (i.e., FeSi). Time and temperature are important
factors in induction melting. Minimum melting and holding
timesreducetheamount of Otakeninto solutionfromair, slag
and refractories, and H taken from moisture in the air.

Refining possibilities are limited in the induction melting
of high-Cr AR irons. Acid refractories are reactive with the
high-Cr melt; so, when melting on a silica lining, the metal
should be superheated to the minimum superheat temperature
required for handling and pouring, and then it should be
immediately tapped.

Increasing oxygen in the metal is progressively more
detrimental to castability and, probably, impact abrasion
resistance. Scrap should never be preheated to point whereit
starts to form a scaled surface layer. In fact, some foundries
blast clean returns and scrap, to avoid introducing oxygen
into the melt.

Hydrogen, in addition to causing gas problems, can be
responsible for spontaneous cracking of castings and erratic
breakagein service. Thereisnot much information available
on the effect of increasing nitrogen content but, judging from
limited experience, nitrogen seemsto be beneficial. Content
of 600-1100 ppm seem to be acceptable or even of an
advantage.

An air induction furnace melt can be protected to varying
degrees by an inert gas cover. This would limit oxygen,
hydrogen and nitrogen pickup due to exposure of the melt to
air. An Ar cover is quite effective, even in an open furnace
when themelt meniscusislow inthefurnace. Argonisdenser
than air, so a low-velocity stream of Ar will effectively
displacetheairinthefurnace. Asthemelt meniscusrisesinthe
furnace, however, both air entrainment and convection pro-
gressively reduce the effectiveness of the inert gas cover.
A close fitting furnace cover will greatly increase the effec-
tiveness of the Ar protection.

In induction melting, wet, oily or rusty materials should
never be charged onto a heel of molten metal in the furnace.
Wet, oily or rusty materialscan beusedintheinitial chargeto
an empty furnace, because the volatiles will be eliminated
long before a molten pool develops.

A gradual pickup of hydrogen will eventualy result in
subsurface pinholes that appear after blast cleaning castings.
If themelt practiceisnot changed to take care of the pinholing
at this point, large gas holes in the castings will follow.
Hydrogen also appears to be a major cause of catastrophic
cracking during processing castingsinthefoundry and erratic
breakage of castingsin service. Long, expensive heat-treat-
ment cycles are sometimes used to diffuse hydrogen out of
the castings and insure against hydrogen embrittlement.

Arc Furnace Mélting

Arcfurnacemeltingfollowssimilar rulesbut allowsarefining
of the melt.

Production Practices

Molding, Gating and Risering

All sand and binder systems used for gray and ductile cast
irons or steel castings can be utilized to make molds and
cores for high-Cr irons. Mold washes should be non-carbon-
aceous because a carbon pickup can cause ahard, brittle skin
on the casting surface. Zirconia washes usually give good
results.

Thepatternmaker’ sallowanceisindicated at an average of
about 2% but varies in practice between 1.3 and 2.5%. The
value depends, to alarge extent, on the final matrix structure,
which can be pearlitic, austenitic, ferritic or amixture of all,
depending on grade, composition and sectionsize. Anas-cast,
austenitic structure has a higher shrinkage rate; a pearlitic
structure has a smaller shrinkage rate. Add to this the effect
of the casting geometry, and restricted and unrestricted
shrinkage values are tacked on. Typica values for heavy-
section 18% Cr iron are 1.5% for restricted and 2.0% for
unrestricted shrinkage.

Castings that are heat treated will undergo a change of
matrix structure to become predominantly martensitic, which
is associated with a volume change. This also has to be
considered in the shrinkage allowance of thefinished casting.

Riseringandfeedingfor thehigh-Crironsfollowsthesame
rulesasfor theNi-Hards. However, runner design and casting
practice should take into account the viscous oxide film that
tends to form on the surface of the molten metal. Therefore,
adequate provision should be madein the system for trapping
oxidedross, and the gating should providerapid filling of the
mold with a minimum of turbulence.

Castings can contain high internal stresses, which can
resultin crackinginthemold or during or after shakeout. This
isespecially the casefor mixed matrix structuresof austenite,
martensiteand pearlite, whilefully pearlitic as-cast structures
aremuch lessrisky. Therearevariouswaysto avoid cracking
problems; i.e., long cooling times in the sand mold; or hot
shakeout and transfer to a furnace or to an insulated slow
cooling chamber; or covering the castings with insulating
material.

While chills can be used in same way asfor the Ni-Hards
or steel to ensure directional solidification, chilled or perma-
nent mold casting does not provide special benefitsfor high-
Cr irons. The grain-refining effect does not improve the
abrasionresistanceand, infact, may lower theiron’ sabrasion
resistance (see Chapter 8, Abrasive and Repetitive-lmpact
Wear Performance).

The feeding distance for high-Cr irons depends on the
chemical composition, and variesin afairly widerange. The
rulesfor steel casting of similar section thicknessand configu-
ration apply to afirst approximation for high-Cr iron. How-
ever, even with a similar chemical composition, feeding
distances can beinconsistent. Sometimesthey arefairly long
and, in other cases, on the same casting, very short. It seems
that, especialy, the 26% Cr iron can precipitate very long
primary austenite dendrites, which choke the feeding chan-
nels. Experiments (Raynaud and Parent-Simonin, 1985 and
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(High-Chromium, continued)

1986) with a26% Cr iron. compared to unalloyed AR iron, in
green sand molds showed the 26% Cr iron to have a much
shorter feeding distance. Additions of up to 1% Si and 0.02%
Ti improved the feeding distance, somewhat.

Pouring

Low pouring temperatures reduce the incidence of metal
penetration and burned-on sand and bring about a certain
grainrefinement. High pouring temperaturesaggravate shrink-
age under feeder heads and in other hot spots and can lead to
microshrinkage and coarse dendritic structures.

Due to its surface oxide film, the melt appears very slug-
gishand viscousbut is, in fact, quitefluid and abletofill thin
sections. Pouring temperatures are seldom higher than 100°C
(200°F) above the liquidus temperature. Liquidus tempera-
tures are primarily determined by the C content and are
increased by higher Cr, as discussed in Chapter 2 on Solidifi-
cation.

Typical recommended pouring temperatures are:

15% Cr—3% C grades: 1300-1400C (2400-2550F)
23-28% Cr grades:  1400-1500C (2550-2750F)
30-35% Cr grades:  1450-1400C (2650-2830F)

The oxide skin on the melt should be carefully skimmed
off, or a bottom pouring ladle can be used.

Postcasting Processes

Cleaning/Finishing

For riser removal, cleaning andfinishing, thesameprocedures
apply asfor theNi-Hards. Itisoften useful toremovetherisers
or to grind the stumps after the heat treatment, despite the
higher hardness, or at least after a stress relief in order to
minimizetherisk of grinding cracks. The precaution is espe-
cialy trueif thecastingsarefully or predominantly austenitic,
as cast. Some castings may contain high internal stresses. If
these become unbalanced during cleaning or machining, the
casting can crack or even explode. Cracking can also happen
if the untreated castings are stored outside in cold wesather, or
even during longtime storage inside.

Experiments have demonstrated that as-cast stresses of
700 N/mm2 (100 ksi) were reduced to below 300 N/mm?2 (44
ksi) by holding the casting at 250C (480F) for eight hoursand
then cooling in the furnace.

Heat Treating

High-chromium AR irons can be subject to awide variety of
heat treatmentsto fulfill the demands of various applications
in a cost-effective way. This flexibility is one of the major
advantages of this group of aloys. Heat treatments can be a
stressrelief for castings put in service with an as-cast struc-
ture; a hardening and temper heat treatment to obtain a
martensite structure; a special heat treatment to minimize
retai ned austenitefor repeated impact | oading; ahyperquench
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to obtain apredominantly austenitic matrix; or soft-annealing
to produce a fully pearlitic matrix. Details are described in
Chapters 3 and 4 on Heat Treatment and Hardenability. For
most heat treatments, the best structure to start with is a
pearlitic matrix, which givesthe most consistent and control-
lable results.

Welding

Liketheother ARirons, Crirons, ingeneral, are not weldable
without cracks occurring under the weldment and in the heat
affected zone. Repair or fabrication welding is, therefore,
rarely possible. Successful welding has been done on low-C
grades with high preheat. Welding is aso possible in the
austenite region, which implies temperatures above 850C
(1560F). Some of the Ni- or Cu-containing grades have a
region around 500C (932F), where the austenite does not
transform for a long time after cooling from above 950C
(1742F). These grades of castings have been welded in this
interval using either FeNi, stainless steel or matching
consumables.

Hardfacing is possible in a similar way as described for
welding Ni-Hard 4.

Machining
High-chromium AR iron castings can be machined, like the
Ni-Hards, with CBN toolsor by grinding. In contrast tothe Ni-
Hards, they can also be soft-annealed and rehardened after
machining.

Theaim of the soft annealing isto produce afully pearlitic
matrix. The hardness of the casting will then be lessthan 400
DPH. Thistransformationto pearliteiscomparatively easy in
alloys containing less than about 20% Cr and no significant
amounts of Ni or Cu. Here, slow cooling from 950C (1742F)
to below 500C (932F) isusually sufficient. Higher Cr and Ni
or Cu contents stabilize the austenite and require longer and
more elaborate heat treating cycles. (See Chapter 4 on
Hardenability for details.) Low-C, soft-annealed high-Crirons
can be drilled and tapped.
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Chapter 8

Abrasive and Repetitive-iImpact

Wear Performance

A common problem of many end-usersdealing with abrasion-
resistant and repetitive-impact ironsishow to choosetheright
ironfor theright application. For example, in structural, civil,
transportation, marine and aeronautical fields, thisproblemis
often solved by detailed specifications. Generally, inthe case
of abrasive and repetitive-impact wear, there are no detailed
specifications.

It isimpossible to create well-defined specifications that
work well in all wear environments. The problem liesin the
nature of the beast. Wear is a cacophony of competing and
synergistic destructive mechanisms. In any one application,
the wear process may be subjected to galling (metal-to-metal
wear); corrosion; subsurface impact damage; surface
microcracking (small bits of damage that coalesce into large
cracks, leadingto material 10ss); gouging (likeafarmer tilling
anew field, leaving larger furrowsin his path); spalling (loss
of large chunks of material, due to subsurface crack propaga-
tion); erosion (small chunks on the surface are removed by
small abrasiveparticlesplayingaversionof tribol ogical touch
andgo); and, under someconditions, hydrogenembrittlement.

Testing for wear performance is a very individual thing.
Onetestisnot comparabl eto another. For example, theresults
of the “wear shoe on track” test cannot be compared to the
results of the “Boyes/Avery” test, even though they are
similar.

The study of wear goes back centuries. The ancient phi-
losopher Lucretius(95-55B.C.), isquoted assaying (Archard,
1980):

“....aring is worn thin next to the finger with
continual rubbing. Dripping water hollows a stone, a
curved ploughshare, iron thoughit is, dwindlesimper-
ceptibly in the furrow. We see the cobble stones of the
highway wor nbythefeet of manywayfarers. Thebronze
statues by the city gates show their right hands worn
thinbythetouch of all travellerswho have greeted them
in passing. We see that all these are being diminished
sincetheyarewornaway. Butto perceivewhat particles
drop off at any particular timeisa power grudged to us
by our ungenerous sense of sight.”

Since Lucretius' time, the situation has improved only
dlightly. Although we can measure what is measurable and

quantify what is quantifiable, our ability to make accurate
wear predictions based on this current understanding israther
pitiful. A contributing factor to thismiasmaisour dependence
on laboratory teststhat show only limited correlation to field
wear processes. For a number of reasons, the bulk of wear
research has concentrated on the development of |aboratory
tests, with little thought for eventual field correlation.

Many reasons for this concentration on laboratory work
aregivenbut, ingeneral, laboratory work ismore predictable,
allows definitive conclusions to be generated and incurs
little inconvenience to the people conducting the research.
On the other side of the coin, field trials are very expensive,
produce unpredictableresultsand can result in no publishable
work if the industrial cooperator disagrees with the conclu-
sions or deems the work too proprietary. This sad state of
affairsleadstoaratioof onegood“fieldtrial” papertoroughly
one hundred “laboratory wear” papers. Consequently, we are
still looking for a good way to correlate the microstructural
and mechanical properties of wear ironstoward specificfield
applications.

In the meantime, users are still faced with the question of
matching theright iron to theright application. In most cases,
we areinterested in macroscopic wear processesthat remove
centimeters, not nanometers of material. Here lies the true
economic benefit of AR cast irons. superior abrasion resis-
tance, whether near the surface or several centimeters deep
withinthe casting. Thisisthe special and particular nichethat
AR cast irons dominate and hold.

This chapter provides the tools to effectively match AR
cast ironsto a particular abrasive and repetitive-impact wear
environment. We explore the correlation between wear tests
and field wear data showing that, in general, abrasive and
repetitive-impact wear testsprovide only aqualitativelook at
the wear characteristics of the chosen materias, no matter
how precisely they are conducted or how precisely thedatais
reported. Neverthel ess, considering the nature of most indus-
trial wear processes (according to one source, a tribological
system may consist of over 80 factors), a qualitative assess-
ment isperfectly adequate and allows oneto quickly weed out
materials of little benefit. Moving forward from this view-
point, afew observationsare presented on theinterpretation of
wear data and its application toward field environments.
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Abrasive Wear Classification

Abrasivewear iswell studied, and anumber of classification
schemes are available. Outside of the realm of wear special-
ists, very few people have heard of these schemes or care
about whether their particular wear process is classified as
two-body or three-body abrasive wear, or if their application
isfurther classed aslow-stress or high-stress. What isimpor-
tant to the typical user is a simple determination of the
dominant wear process; i.e., abrasion, impact, fracture, corro-
sion, or corrosion/abrasion.

Very simply, abrasionisaform of wear that ismediated by
hard particles. Moreover, these abrasive particles act to con-
centrate stress leading to severe plastic deformation at rela-
tively low loads. Industrialy, thisprocessisshowninFig. 8.1.
The basic comminution principal is one of hard rock against
hard iron. Although the hard iron is mostly victorious, the
ploughing, cutting, fatigue and cracking action of the rock
takes itstoll. These abrasive processes are shown schemati-
calyinFig. 8.2. Itistheseprocessesthat defineabrasivewear,
i.e., theforcibleremoval of one material by another material.

Many laboratory tests have been devised to evaluate abra-
sion-resistant materials. Figure 8.3 shows just a sampling of
thesetests. Several of thesetestsattempt to simulate acombi-
nation of impact and abrasion (#1), abrasionand corrosion (#6
and#7) and mi croimpact and abrasion (#8). For our purposes,
wewill stick withasmall array of thesetestsasapproximately
given in Fig. 8.4. Other definitions for abrasive wear are
provided in Table 8.1.
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Hardness and Abrasion Resistance

In order to cause ploughing, cutting or scratching associated
with severe abrasion, the abrasive must be at least as hard as
the metal. The schematic rel ationship between abrasive hard-
ness, metal hardnessand wear lossisshowninFig. 8.5. It was
first established by Wahl (1951) and has been confirmed in
many laboratory and industrial tests.

Aslongastheabrasiveissofter thanthemetal, wear isvery
low and mainly due to removal of corroded or oxidized
surface layers, or to fatigue phenomena. The transition from
low-level wear to high-level wear takesplace at ratio of metal
to abrasive hardness of about 0.8 for homogeneous metals,
and spreads to 0.4-1.0 for metals with heterogeneous struc-
tures of phases of different hardness, like white irons (Wahl,
1951, Richardson, 1968).

In low-level as well asin high-level wear, harder metals
suffer less abrasive loss, but the largest gain at relatively
modest hardness increases can be achieved in the transition
range, especialy if the abrasion is moved into the low-level
condition. Only a few minerals of technical interest have a
hardness in the 40-200 HV range, like gypsum, high-purity
limestone and low-ash coal, and are soft enough to cause | ow-
level abrasion. Most minerals contain quartz or silicateswith
ahardness of 600-1250 HV and arein thetransition rangefor
whiteirons and hardened steels. Alumina, with ahardness of
1900 HV, and silicon carbide, with 2500-2800 HV, are much
harder than even the carbides and cause high-level wear.
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Fig. 8.1. Schematic of ore processing flowchart showing principal wear types, recommended materials and typical wear rates.

(After Norman, 1980)
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The effect of a change in the metal-to-abrasive hardness
ratio can sometimes be quite dramatic. In grinding cement
clinkers with a hardness of 450-550 HV, abrasive loss was
reduced fromabout 300 g/tto 20 g/t whenforged pearlitic steel
ballswith atypical hardness of around 400 HV werereplaced
by martensitic high-Cr iron with a hardness of above 650 HV
(Rohrig, 1974).

Micrabatipus PairiCraching

Fig. 8.2. Examples of abrasive wear processes. (After Zum
Gahr, 1987)
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In wet grinding quartzitic molybdenum ore, however,
which hasahardness of around 1000 HV, asimilar change of
grinding ball alloy resulted only in a decrease of relative ball
consumption from 114 to 82 (Norman and Hall, 1969). This
isavery modestimprovement, evenwhen considering thefact
that wet grinding causes much higher wear rates than dry
grinding. Impact conditionsaresimilar in both applicationsor
even more severe in cement grinding. Changing to tungsten
carbideballsfor theexperiment reduced therel ativewear rate
in the ore mill to 22.

Similar observations have been madein many other indus-
trial applications, and usually the spread between a material
with high-and low-abrasion resistance narrows when the
abrasive conditions become more severe, due to higher min-
eral hardness, increased impact or the presence of water.

The obvious conclusion from Fig. 8.5, that abrasion resis-
tanceis function of hardness, is not valid in ageneral sense.
The most well-known exampleis austenitic manganese steel,
which, despiteitslow hardness, showsexcellent performance
in many applications. Especialy in the transition range of
Fig. 8.6, where most industrial abrasion phenomena take
place, other properties—like work-hardenability, ductility,
resistance against crack initiation and propagation during the
detachment of wear debrisfromthe surface, chemica compo-
sition, and microstructure—are of importance. It is quite
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Fig. 8.3. Laboratory abrasion tests to simulate abrasive wear processes. M = motion,
F = applied force, TS = test specimen. (After Norman, 1980)
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Table 8.1
Abrasive Wear Classification®)

Wear Mode
Impact-abrasion
Gouging abrasion

Grinding abrasion

Low-stress abrasion

Situation Manifestation

Repeated impact + abrasion (not well characterized)
Large abrasive particles, Deep grooves,
extreme stresses gross deformation
Stresses sufficient to frac- High wear rates,
ture abrasive particles visible scratches
Stresses not sufficient to Low wear rates,

fracture abrasive particles fine scratches

Corrosion-abrasion

(1) Gates and Gore (1995)

Corrosive + abrasive

The bottom row represents the corrosive-abrasive phenomenon discussed in
Chapter 9, Corrosive-Abrasive Wear Performance.

Varies;
accelerated corrosion

Low Stress
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Fig. 8.4. Wear terms (low stress, high stress, gouging) used to
define laboratory abrasive wear tests. (After Tabrett, 1997)
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Fig. 8.5. Schematic relation between abrasive hardness, metal
hardness and wear loss. (After Wahl, 1951)
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Fig. 8.6. The laboratory abrasive test shows good ranking
ability among classes of materials (steels versus high-Cr vs.
Ni-Hard 1) but is unable to simulate the actual field wear
behavior. For example, several irons and steels have compar-
able mill weight loss but the pin-wear test would rank the irons
as far superior materials. (After Albright and Dunn, 1983)

common that materials of the same hardness show widely
different abrasion resistance, and harder materials may even
turn out to be lessresistant than softer ones. (Some examples
areshowninFig. 8.7.)

A reasonable correlation between hardness and abrasion
resistance can be observed for steels of the same or similar
chemical composition, where different hardness levels have
been obtained by heat treatment, especially by tempering a
martensitic structure.

A better but not satisfactory correlation between hardness
and relative abrasion resistance was found by Borik and
Sponseller (1971) when they used the hardness of the worn
work-hardened surfaceinstead of the as-delivered bulk hard-
ness. Testingwasdoneinasmall jaw-crusher withriver gravel
and materials as diverse as low-carbon wrought steel plate,
austenitic manganese steels, and variouslow- and high-alloy
whiteirons.
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Abrasive Wear Field Trials
Vs. Laboratory Testing

Pin-On-Disk Abrasion Resistance Test

Figure 8.6 (Albright and Dunn, 1983) does a good job in
showing the difficulties of correlating laboratory data with
field trials data. Although thelaboratory pin abrasion test did
an excellent job in ranking the two classes of materias (irons
and steels), it failed to show that, under field conditions, both
ironand steel mill linershave somewhat equivalent wear rates
withinthemill (gratedischargeball mill,2.9m(114in.)india
and2.44m(96in.) inlength operated at Climax Molybdenum
in Colorado). Based solely on the pin-wear test data, one
would be led to believe that irons would have provided
superior abrasion resistance when compared to the steel
materials. AsshowninFig. 8.6, nothing could befurther from
the truth.

Albright and Dunn’'s work is worthy of deeper study.
Table 8.2 gives the compositions and hardnesses of the
alloys used in their study. The materials represent main-
stream compositionsand mi crostructures. Usingthehardnesses
given in Table 8.2 and other data provided in their paper,
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Fig. 8.7. Under field conditions (a), the white cast irons are
only slightly better than martensitic steel alloys even though
they are much harder. In the laboratory (b), the white cast
irons show superior abrasion resistance using the pin
abrasive wear test. The outlier data point within the white cast
iron group is the sole Ni-Hard 1 alloy given in Table 8.2, Liner
V. (After Gates and Eaton, 1993)

Abrasive and Repetitive-Impact Wear Performance

Figs. 8.7a and 8.7b were constructed by Gates and Eaton
(1993). Figure 8.7 highlights the disparity between field and
laboratory tests.

In the field trials (Fig. 8.7a), white cast irons are only
dightly better than martensitic steels. Whilein thelaboratory
(Fig. 8.7b), the white cast irons show superior pin abrasion
resistance. Thisdisparity is hard to explain. One explanation
would mention the effects of corrosion and impact damageto
explain the difference. More simply, actual service environ-
mentsinvolve damage over daysand weeks, whilelaboratory
tests involve damage over seconds and minutes.

As the abrasion-resistant material is abraded in the lab,
micro and subsurface cracksareintroduced. When exposed to
atmospheric conditions over days and weeks, the fracture
energy required to propagate these cracksislowered. Hence,
itisextremely difficulttomatchfieldtrial datawith short-term
laboratory tests.

Allisnot lost. In general terms, Albright and Dunn’ swork
did show a general correlation between field and laboratory
tests as shown in Fig. 8.6. For example, the pin test did an
adequatejob in ranking the various stedls. If we consider that
the various steels have somewhat the same toughness and
corrosion behavior, then, all thingsbeing equal, thepintestis
measuring the relative effects of one component: severe
abrasion (i.e., not corrosion, not impact).

If wefocus onjust thewhiteiron groupin Fig. 8.6, thepin
test does agood job in ranking the behavior of the Ni-Hard 1
iron against the high-Cr iron in the same order asthe ball mill
fieldtrail data. Thisresult canbeexplained, microstructurally.
Both the Ni-Hard 1 and high-Cr irons have microstructures
that are composed of carbides and mixed proportions of
martensite and austenite in the matrix. Hence, the materials
fall withinageneral classof alloys. Onesignificant difference
between thetwo alloysistheir carbide hardness. TheNi-Hard
1 carbides run around 900 DPH (M3C), while the high-Cr
carbides run around 1250 DPH (M+Cg3). For more informa-
tion, see Appendix D.

Among just the white cast irons, the correlation with the
ball mill field trial datais quite weak and is not statistically
significant. It would appear that environmental conditions
enforce a larger spread in wear data than the pin test's
measurement of one wear variable: severe abrasion.

In general, we can make a few statements about the
abrasive wear comparison between field data and laboratory
data:

e The pin test provides useful ranking among classes of
materials.

» Cross correlation between different material classesis
difficult and, quite often, wrong.

» Field wear isacombination of many phenomena (e.g.,
perhaps up to 80 factors), while the laboratory pin
abrasiontestisameasure of just acouple of phenomena
(e.g., lessthan five).
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(Abrasive Wear Classification, continued)

Boyes/Avery Abrasion Resistance Test

Norman and Loeb’ s(1948) paper istheclassic of all fieldtrial
studies. Thefield trialswere conducted at the Climax Molyb-
denum mine at Climax, Colorado, U.S.A. (same mine asin
Albright and Dunn’ swork) ina1.83x1.83 m (6x6 ft) ball mill,
over atime span of seven years on over 200 metallurgical
classifications of steel and iron balls (94 separate wear tests).
It stands as a Herculean piece of investigative field work.

Avery’'s (1948) contribution was to compare laboratory
test data against field trial data. The laboratory test was
popularized by the American Brake Shoe Co. (ABEX) andis
citedinseveral sources, e.g., Avery (1974). Abrasiveactionis
modeled by movinga3.8x5.7 cm (1.5x2.25in.) sample, under
pressure, over aCutrack for adistance of about 2.1 km (7000
ft), while the test sampleis submerged in a mixture of water
and quartz sand. Elapsed time for this test is about an hour.

Using identical samplesto those evaluated in Norman and
Loeb’s field trial, Avery constructed the graph shown in
Fig. 8.8. At first glance, the correlation seems exceedingly

good. Upon closer inspection, theonly ironsstudied by Avery
were of the chill cast and Ni-Hard 1 variety (MsC carbide
morphology). The other two classes of materials were Mn
stedls (austenitic) and alloy steels (martensitic and pearlitic).
Fromthislimited set, Avery showed that martensitic Ni-Hard
1 had superior laboratory abrasionresistance but only slightly
better field trial abrasion resistance. Good correlation was
shown among the steel group and the few Mn steels studied.
Inbrief, Avery’ swork foreshadowsthework of Albright and
Dunn (1983), where good correlation was shown among the
steel group but little cross correlation to other classes of
meaterials.

Both Norman and Loeb (1948) and Avery (1948) felt that
impact conditionswithintheball mill wereresponsiblefor the
relatively poor performance of the more brittle, low-alloy
white cast irons. A similar statement was also made by
Albright and Dunn (1983) regarding their comparison of high-
Cr irons and dloy steels as liner materials. One tentative
conclusion isthat acombined measure of fracture toughness
and |aboratory abrasion resistance might be useful in predict-
ing field wear performance (or abrasion resistance).

Table 8.2
Composition and Hardness of Ball Mill Liners@

Worn Surface
Liner .... Nominal Alloy Composition (Wt%) ....... MICIOSIIUCIUIE ..ot Hardness, HB
AL 0.3C-1.1Mn-0.7Cr-0.5Mo-0.5Ni steel ....... Martensite, bainite . ......... ... .. . 499
B....... 0.4C-C-Mo-Vsteel®@ ... ......................... Martensite ... ...t 547
C....... 0.4C-Cr-Mo-V steel®@ ............................ Martensite .. ... 543
D....... 0.5C-2.0Cr-0.5Mo steel .................. Martensite .. ... .. 555
E....... 0.5C-2.0Cr-0.5Mosteel .................. Martensite .. ... .. 560
F.o...... 0.5C-2.0Cr-0.5Mo steel .................. Martensite, bainite . ............ .. ... 415
G....... 0.5C-2.0Cr-0.5Mo steel .................. Martensite, bainite . ......... ... .. . 356
H....... 0.5C-2.7Cr-0.3Mo steel .................. Pearlite . ... ... 298
o 0.6C-3.0Cr-0.5Mosteel .................. Martensite, bainite, pearlite ................ ... ... ... ... 507
N 0.6C-2.2Cr-0.4Mo steel .................. Pearlite, spherical carbides® .................................... 323
K., 0.6C-2.2Cr-0.4Mo steel .................. Martensite .. ... ... 601
L....... 0.6C-0.8Cr-0.5Mosteel .................. Martensite .. ... ... 601
M .. 0.8c-2.4Cr-0.4Mosteel .................. Pearlite, spherical carbides® ...................................... 352
N....... 0.9C-2.5Cr-0.3Mo-0.3Cu steel ............ Pearlite, spherical carbides® ...................................... 337
O....... 0.9C-2.5Cr-0.3Mo-0.3Cu steel ............ Pearlite, spherical carbides® ....................................... 341
P....... 0.9C-2.5Cr-0.3Mo-0.3Cu steel ............ Pearlite, spherical carbides® ... 359
Q....... 0.9C-2.5Cr-0.3Mo-0.3Cu steel ............ Pearlite, spherical carbides® ... 335
R....... 2.6C-16.0Cr-2.5Moiron . .........covvvunn. Martensite, M;C3 carbides, retained austenite (5%) ......... 712
S ....... 2.6C-16.2Cr-1.4Mo-0.7Cuiron ............ Martensite, M;C3 carbides, retained austenite (29%) ........ 694
T ....... 2.6C-15.8Cr-1.5Mn-1.0Moiron ............ Martensite, M;C3 carbides, retained austenite (8%) ......... 682
U....... 2.7C-16.2Cr-1.4Mo-0.7Cuiron ............ Martensite, M;C3 carbides, retained austenite (30%) ........ 659
Voo 3.2C-3.3Ni-3.1Cr-0.4Cuiiron .............. Martensite, M3C carbides, retained austenite (21%) ......... 627
(1) Albright and Dunn (1983)
(2) Proprietary composition
(3) The term “spherical carbides” refers to the 2D interpretation of proeutectoid MsC carbides subsequent to high-temperature heat treatment.

When viewed in 3D, their morphology is more rod-like than spherical (Laird).
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Fig. 8.8. Avery’s laboratory wear test appears to give good
correlation to field trial wear data. It should be noted that only
chill-cast and Ni-Hard 1 irons were evaluated. Interestingly
enough, martensitic Ni-Hard 1 is shown to have superior
laboratory abrasion resistance over that of pearlitic and
martensitic alloy steels but only slightly better field abrasion
resistance. This is the same trend as that shown in Fig. 8.6,
Albright and Dunn (1983), for their comparison of pin abrasion
data against ball mill wear. (After Avery, 1948)

Dry Sand Rubber Wheel Abrasion Resistance Test

A paper by Xu, Vose and St.John (1993) represents one of
the few attempts to correlate field abrasive wear with a
number of laboratory tests. Figure 8.9 presents a graphical
summary of their work. Thedry sand rubber wheel (DSRW)
test (ASTM G 65-85 1985) shows the best correlation to
their field liner test providing the correct ranking between
the three alloys.

In this study, a paddle wheedl test, or impact pulverizer
(bond test) (see Fig. 8.3 (1)), is used to simulate combined
impact and abrasivewear. Under theconditionsusedintheir
study, the pin-on-drum (POD) tests provided similar rank-
ing as this paddle wheel test.

The field wear study in this work was carried out in an
iron oreminein Western Australia The candidate materials
were arranged along the side of a conveyor travelling at a
speed of 3.8 m/s(12.4 ft/s). In thisarrangement, oreimpact
is minimal, leaving the dominant wear mode as abrasive.
Considering thefield conditions, perhapsit isnot surprising
that the DSRW test provided the best correlation between
fieldandlabtests. Nonethel ess, sincethe scopeof their work
is so narrow (i.e., their sample set only covered three
different irons), it isimpossible to say whether their results
are truly meaningful or just fortuitous.

Relative Abrasion Resistance
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Fig. 8.9. On a qualitative basis, the dry sand rubber wheel (DSRW) test does the best job in predicting the
field abrasion resistance of the three AR cast irons. (After Xu et al., 1993)
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(Abrasive Wear Classification, continued)

Qualitative Understanding of
Field Wear Vs. Laboratory Testing

In many cases, the field wear process is qualitatively well
understood by users of AR cast irons. They well aware that
martensiticironsarefar superior to pearlitic or austeniticirons
in most abrasive environments. In most cases, the ideal
microstructure consistsof about 30% carbidevolumefraction
(CVF) withinamatrix structure of about 50% martensite and
20% austenite.

Undocumented casehistoriesabound of austeniticor pearl -
iticironssuffering severe abrasive wear whiletheir martensi-
tic cousinsexperience only moderate or minor wear. Trouble-
shooting, with regard to abrasion resistance, often consists of
looking for pearlite within the matrix microstructure. This
approach is borne out by the field wear testing conducted by
Norman and L oeb (1948) (see Fig. 8.8) and many laboratory
tests.

Figure 8.10 presents a comparison of laboratory pin-on-
drum abrasion results among some pearlitic, austenitic and
martensitic irons. The martensitic abrasion value is normal-
izedtoaround 1.0, whilethepearlitic and austenitic valuesare
compared against this normalized value. This technique al-
lows us to compare data from more than one source. It was
found that the pearlitic irons show consistently poor abrasion
resistance as compared to the austenitic or martensitic irons.
This result corresponds to field trials and other anecdotal
evidence.

Inafew rare cases, pearliticironshave been shownto give
adequate abrasive wear resistance when severe impact pre-
ventsthe use of austenitic or martensitic irons. This phenom-
enon reflectsthe stable nature of afully pearlitic matrix. If the
iron hasbeen fully decomposed to pearlite, thereislittleor no
austenite-to-martensitetransformationand, hence, littlechance
of forming high internal stresses within the microstructure.
Consequently, the iron is extremely ductile and resistant to
impact. Repetitive-impact work using aball-on-ball test (see
Blickensderfer et al., 1989) shows that pearlitic bals yield
superior repetitive-impact resi stance over austenitic and mar-
tensitic irons but, as shown in Fig. 8.10, inferior abrasion
resistance.
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Fig. 8.10. Laboratory abrasion pin-on-drum tests consistently
rank pearlitic AR cast irons near the bottom.
(After Blickensderfer, 1989 and Gundlach and Parks, 1978)
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A problem with the laboratory POD test results shown in
Fig. 8.10 isthat austenitic and martensitic irons are shown as
having somewhat similar abrasion-resistant results. If we
switch to the DSRW test, the data plotted in Fig. 8.11 show
that martensitic irons provide better abrasion resistance than
austenitic irons. To further muddy the waters, data from
laboratory jaw crusher tests shown in Fig. 8.12 demonstrate
that a mixed austenite and martensite matrix is best. The one
thing that can be said with great confidence is that the
variability of laboratory test results matchesthe variability in
field wear results.
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Fig. 8.11. Using the DSRW test, harder (i.e., martensitic) 2.9C,
19Cr, 2.4Mo and 0.9Cu irons give better abrasion results. (After
Zum Gahr and Doane, 1980)

= 20 - —
2
[=]
= AE
= &
X
o .
£ -“],.%_ b "
,'! ® i = -
L} e .
o ; el
" H

x5 - _ ;
1 .
-
[ =
H .
! n — —— - — Qp—

o 10 20 30 40 50 60 TO &0

Fatainad Austanite (%)

Fig. 8.12. Laboratory jaw crusher tests on a variety of alloys
indicate that the best abrasion resistance is obtained with a
mixed microstructure of martensite and austenite (between 20
and 30% retained austenite), with remaining portion of matrix
being martensite. (After Sare and Arnold, 1989)
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In general, most field wear abrasive applications respond
favorably to a matrix microstructure that is neither 100%
austenite nor 100% martensite. Laboratory wear tests will
tend to favor certain matrix mixes. For example, the POD test
favors austenitic structures, the DSRW test tends to favor
martensitic structures and jaw-crusher tests favor a mixed
microstructureleaning toward the martensitic side (thisresult
isnoted by Diesburg and Borik, 1974). Many other |aboratory
abrasion-resistance tests have similar biases. No one test is
right and no one test iswrong.

Thefailure of many laboratory teststo correlate with field
data has been attributed to the lack of work-hardening in the
laboratory test (see Sare and Arnold, 1989 and Dodd, 1969).
Weknow fromfield experiencethat all wear partsexperience
some degree of work-hardening during their servicelife (for
areview of this subject see Avery, 1974). Depending on the
severity of this work-hardening, we may see dominantly
austenitic alloysperforming better than dominantly martensi-
tic aloys.

One point should be made crystal clear: as of thiswriting,
no laboratory test has shown good or even moderate correla
tion with field wear behavior over a significant range of AR
cast irons. Hence, the real purpose of laboratory testing isto
gaininsightintotherelationshi psbetween microstructure and

abrasion-resi stant performance, asdefined by aparticul ar test.
For example, pin-on-drum abrasion tests favor austenitic
alloysfor anumber of reasons. If our field application shows
asimilartrend, thenapotential existstousethislaboratory test
to explore improvements in this alloy, without incurring the
excessive costs associated with extensivefield trials. In brief,
laboratory tests provide general insights into abrasion-resis-
tant trends.

Designing Microstructures for
Abrasion Resistance

Matrix Structure

Table 8.3 presents selected pin abrasion test data on alumina
for several AR steelsand AR cast irons, condensed from the
work presented by Diesburgand Borik (1974). A complete set
of their data can be found in Appendix C. The standard
laboratory observations are easily made:

1. For cast steels, increasing hardnessresultsinincreasing
wear resistance.

2. For Hadfield steels, hardness is not indicative of their
true wear resistance.

3. For white cast irons, an austenitic matrix is superior to
amartensitic matrix for pin abrasive wear.

Table 8.3
Laboratory Pin Test Data for Common Steels and AR Cast Irons
Principal
Code Pin® Microstructure
No.)  Type %C %Cr %Ni %Si %Mo %Mn Other HB®) (9) Component
Wrought Steels:
3 .... Mn-Mo-Cb 0.08 0.04 0.09 0.03 025 1.33 0.03Cb 187 0.156 F
mB ... T1 0.19 0.56 — 0.28 0.18 0.84 0.02Ti 376 0.124 M, B
Cast Steels:
26 ... Mn-Si-Cr-Mo 0.43 0.83 — 1.46 049 1.39 — 366 0.088 M, B
28 ... Mn-Si-Cr-Mo 0.63 0.83 — 1.48 049 144 — 620 0.077 M, B
29 ... Cr-Mo (0.63C) 0.63 2.30 — 0.58 0.34 0.71 — 280 0.098 P, c
Tool Steel:
31A .. AISIH-11 0.35 5.0 — — 1.5 — 0.4V 658 0.073 M
Cast Austenitic Mn Steel (Hadfield):
42 ... 12Mn-1Mo 0.93 — — 0.5 1.0 12.5 — 188 0.087 Ap
White Cast Irons:
62A .. 15Cr-2Mo-1Cu® 3.25 15.1 — 0.49 195 0.66 1.08Cu 48313 0.042 A, C, SC
62F .. 15Cr-2Mo-1Cu® 3.25 15.1 — 0.49 195 0.66 1.08Cu 7000 0.047 A, C, M, SC
78A .. 18Cr-2Mo-1Cu® 3.28 18.1 — 0.57 2.00 0.75 0.98Cu 51203 0.041 A,C,m
78C .. 18Cr-2Mo-1Cu® 3.28 18.1 — 0.57 2.00 0.75 0.98Cu 76303 0.049 M, C, SC, a
Microstructure: A = austenite; M = martensite; F = ferrite; B = bainite; C = carbide; SC = secondary carbide, P = pearlite. (Lower case letters
mean small amounts.)
(1) Code numbers per Diesburg and Borik (1974).
(2) Standard pin test against 80 um alumina paper (Muscara and Sinnot, 1972).
(3) Hardness numbers converted from HRC measurements.
(4) Irons are in the as-cast condition.
(5) Irons heat treated at 1000C (1832F).
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(Abrasive Wear Classification, continued)

Thethird statement needs some comment. The pintest can
be done with silicon carbide, aluminaor garnet cloth. Silicon
carbide and alumina have such a high hardness that they can
cut any conceivable matrix of iron base alloys as well asthe
carbides present in usual white irons. The effect of the bulk
hardness or the hardness of the individual phases of white
irons is reduced, and other material properties will become
more important. A softer abrasive, like garnet (whichisused
because quartz cloth is not available any more), puts greater
emphasis on hardness, and being closer to most commercial
minerals can be expected to give a better representation of
industrial conditions.

Thewear behavior indicated in Table 8.3 can be discussed
and explained aong these lines. Interestingly enough, the
majority of abrasive wear literature supports these smple
conclusions.

The explanation for the wear behavior indicated in Table
8.3 isequally simple. As the hardness of standard, wrought
and cast steels increases, resistance to abrasive gouging and
other abrasiveremoval processesincreases. Inthesesteels, the
microstructureisstable. That is, little or no metastable auste-
nite exists to transform to hard martensite on experiencing
severeplagtic strain. For stableferrousand nonferrousalloys,
thistrend of increasing hardnessversusincreasing laboratory
abrasion resistance is well known and extensively docu-
mented. One example of thistrend is shown in Fig. 8.13. In
most field wear behavior situations, this trend is supported.
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Fig. 8.13. Relative wear resistance of pure ferrous and
nonferrous metals. As the hardness increases, so does the pin
abrasion resistance. (After Richardson, 1967)
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Naturally, this trend is reversed if severe impact is experi-
enced. A prime example of thisscenarioisthe use of pearlitic
steelsand AR cast irons for high-impact mill liners.

It has been mentioned that steels do work-harden, to some
degree, under abrasive wear conditions. However, thetype of
work-hardening experienced by steel alloysismoreaongthe
lines of dislocation entanglement or cold work-hardening,
than of transformati on-based hardening. Thiseffect wasnicely
demonstrated in work by Larsen-Badse (1966) and is shown
inFig. 8.14.

If we truly consider the results of work-hardening, then
initial hardness is of little use in the prediction of wear life.
Thisis demonstrated in Table 8.3 for the cast austenitic Mn
stedl. Although it isas soft or softer than all the other stedls, it
has a pin abrasion resistance that is equivalent to the hardest
stedl. Evidently, the pin abrasion test is creating sufficient
plastic deformation to work-harden the Hadfield steel (i.e.,
cold work or induce a martensitic transformation).

For our AR material of choice, itishardto beat agood AR
cast iron for pin abrasive wear performance. The two irons
shown in Table 8.3 provide a stark example of how the pin
abrasion test on alumina favors austenitic irons (62A and
78A) over martensitic irons (62F and 78C). These two irons
arerepresentative of the bulk of high-Cr hypoeutecticironsin
service today. The explanation for this interesting wear be-
havior liesin the strain-induced transformation of austeniteto
hard martensite during pin abrasion. This result has been
confirmed by a number of researchers.
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Fig. 8.14. Relation between microhardness of abraded surface
and bulk hardness for a range of hardened and tempered
steels. Alloys were tested using a pin abrasion test with 400-
grit SiC as the abrasive. (After Larsen-Badse, 1966)
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To gain some insight into the pin abrasion process, Fig.
8.15 providesamontage of abraded microstructures. Theiron
shownin Fig. 8.15 hasarough composition of 3% C and 25%
Cr. Much ado has been made about wear scratches, to little
avail. Typicaly, the iron is often shown to be severely de-
formed by the pin abrasion process. Thiswould seemto bea
natural conclusion for ahard material abrading a softer mate-
rial. Nevertheless, such observations show that such severe
deformations within an austenitic structure would lend itself
naturaly to the strain-induced-martensitic transformation
process. Consequently, it seems reasonabl e that the pin abra-
sion test on dumina or SIC would rank austenitic irons as
“more AR” than martensitic irons.

Pin abrasion tests on garnet cloth tend to favor predomi-
nantly martensitic matrix structures. Table 8.4 illustratesthis
situation. Thehigh-Cr 1A and 1C and high-Cr 4A and 4B irons
are less abrasion resistant in the austenitic as-cast condition
than after heat treatment resulting in apredominantly marten-
sitic matrix.

Unpublished work in Europe, using garnet cloth, has
shown similar results. Here, it was possible to establish not
only the correct ranking but also the relative spread for
different high-Cr ironsused for hard rock crushing inimpact
crushers.

Contrary to laboratory test results, the lion’s share of
high-Cr AR castironsareused intheheat-treated martensitic
condition, i.e., inball mill liners, gyratory crushers, pulpand
paper disk refiners, hot stripmill rolls, etc. Moreinformation
onusageisprovidedin Chapter 10, Applications. Obviously,
most field abrasive applications do not create as severe
abrasive conditions as those experienced within the pin
abrasivetest. In other words, theiron must have someinitial
hardness to resist the penetration and grooving of hard
abrasive particles. Logically, the best AR iron is comprised
of theright amount of carbidein amixture of martensiteand
austenite.

Thedry or wet sand rubber wheel test reversesthistrend
and ranks martensiticironsas having better laboratory abra-

Fig. 8.15. Pin abrasion tears and grooves on the surface of the test material (upper left), beneath the surface, the matrix and
carbides are extensively deformed (upper right), a single scratch shows the ploughing behavior typical of hard abrasives in
pin abrasion tests (lower left) and, at a higher magnification, eutectic M;C3 carbides are shown to be fractured during the

abrasive process (lower right). (After Dogan et al., 1995)
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Table 8.4
Laboratory POD Test Data for Various AR Cast Irons®)

Principal
POD®) Microstructure

Alloy %C %Cr  %Ni %Si %Mo  %Mn  %Cu H.T.@ HB (9) Component

Forged Steel 0.89 0.5 0.1 0.2 0.0 0.9 0.2 Quenched 800 0.61 M

Ni-Hard 1-1 3.1 2.6 4.4 2.0 — 0.9 — As Cast 620 0.46 M, A, C (M3C)

Ni-Hard 1-2 3.6 3.2 4.1 1.0 0.0 0.5 0.0 As Cast 700 0.28 M, A, C (M3C), SC (M3C)

Ni-Hard 4-1 2.9 8.4 5.8 1.8 0.0 1.0 0.0 As Cast 420 0.43 M, A, C (M7C3), SC (M3C)

Ni-Hard 4-2 3.5 8.6 5.8 2.0 0.1 0.4 0.2 AH-1 + SR 550 0.37 A, m, C (M;C3), SC (M3C)

High-Cr 1A 3.1 15.3 0.4 0.4 0.8 0.6 0.8 As Cast 420 0.27 A, C (M;Cj)

High-Cr1C 3.1 15.3 0.4 0.4 0.8 0.6 0.8 AH-2 780 0.24 M, C (M;Cg3), SC (M7Cs)

High-Cr 4A 3.2 28.8 0.3 0.2 0.5 0.5 0.1 As Cast 640 0.27 A, m, C (M;Cy3)

High-Cr 4B 3.2 28.8 0.3 0.2 0.5 0.5 0.1 AH-2 760 0.14 M, C (M7C3), SC (M23Cs)
A = austenite; M = martensite; F = ferrite; B = bainite; C = carbide; SC = secondary carbide; P = peatrlite. (Lower case letters mean small
amounts.)

(1) Laird (1993)

(2) Heat treatment: AH = Air Hardened; 1= from 800C (1472F); 2 = from 1000C (1832F); SR = stress relieved at 205-270C (400-520F); and
T = tempered.

(3) POD = pin-on-drum test using 150-mesh garnet paper.

Table 8.5
Laboratory Wet Sand Test Data for Common Steels and AR Cast Irons
Principal
Code WSAF® Microstructure
No.®W Type %C %Cr %Ni %Si %Mo %Mn H.T.® HB®) (9) Component
Alloy Steels:
1 .... Aust.13Mn 1.2 0.5 — 0.5 — 13.0 wWQ — 0.80 A
2 .... PearlitcCr-Mo  0.83 2.3 — 0.25 042 0.90 AH+T 345 0.64 P
Ni-Hard 1:
5 .... Ni-Hard 3.18 2.32 3.93 051 — 0.58 SR 600 0.56 M, A, C, SC (MsC)
6 .... Ni-Hard 3.02 3.68 4.02 051 — 0.90 SR 460 0.69 A, m, C (MsC)
White Cast Irons:
8 .... HC-250 291 25.7 0.25 0.62 049 112 As Cast 477 0.80 A, C (M;C3)
9 .... HC-250 291 25.7 0.25 0.62 049 112 AH-2 675 0.64 M, a, C, SC (M7Cs)
10 ... 15-3 3.17 16.0 — 0.90 3.174 094 As Cast 444 0.87 A, C (M;C3)
11 ... 153 3.17 16.0 — 0.90 3.174 094 AH + SR 652 0.77 M, a, C, SC (M7Cs)
13 ... Paraboloy 3.15 16.0 0.71  0.65 125 0.76 AH-2 627 0.49 M, a, C, SC (M7Cs)

Microstructure: A = austenite; M = martensite; F = ferrite; B = bainite; C = carbide; SC = secondary carbide; P = pearlite. (Lower case letters
mean small amounts.)

(1) Code numbers per Avery (1974).
(2) Wet Sand: sample is dragged and pushed in a sand slurry bath against a Cu track. More complete details can be found in Avery (1974).

(3) Heat Treatment: WQ = water quenched from about 1010C (1850F); AH = Air Hardened; 2 = from 1095C (2000F); SR = stress relieved at
205-270C (400-520F); and T = tempered.

(4) This number is suspicious since it is identical to that for the C content.
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sionresistancethan austeniticirons. Figure8.16 showsaside-
by-side comparison of this laboratory abrasion behavior be-
tween apin abrasiontest and arubber wheel test. Thewet sand
abrasive test (see Fig. 8.3, test 5) provides similar ranking to
the rubber wheel test (test 6 in Fig. 8.3). For example, Table
8.5 provides a brief summary of some data for the wet sand
abrasive test. More complete data can be found in Appen-
dix C.

The dry or wet sand rubber wheel test reverses the trend
obtained by the pin abrasiontest on silicon carbide or alumina
cloth and confirmtheresultsof the pin abrasiontest on garnet.

If we consider the datagiven in Table 8.5 to reflect actual
field conditions, most commercial alloyswould have compo-
sitionssimilar to Parabol oy (an alloy devel oped by theformer
American Brake Shoe Company (ABEX)). Obviously, there
are some differences of opinion on this matter.

The abrasion resistance of martensite is reduced by tem-
pering. This can be easily demonstrated for steels, like the
work by Larsen-Badse (1966), which examined abrasion
resistant steelswith 0.58-1.28% C. Similar results have also
been compiled by Béchet, Réhrig and Tither (1984). In white
irons, thetempering effect ismasked by thecarbides, but often
alossin hardness can be observed. Heat treatments aimed at
obtaining low austenite contents often involvetempering or a
controlled quenching cycle that will temper the martensite
and reduce its abrasion resistance. This could explain the
lower abrasion resistance of the low-austenite structures
shownin Fig. 8.12.

The tempering effect on abrasion resistance can be of
commercia interest. For example, tempering high-Cr iron
blow barsfor impact crushers, even at atemperatureaslow as
240C resulted in aloss of abrasion resistance. In this case, a
decision between longer wear life or increased risk of break-
age had to be made before entering the highly competitive
market.

Carbon Content

Carbon isthe main alloying element in AR iron-base aloys.
Krushchov et a. (1960) hasshownthat theabrasion resistance
of heat treated steel sof equal hardnessincreased withincreas-
ing carbon content. Borik and Sponseller (1971) plotted the
relative abrasion rates in the jaw-crusher test against carbon
content and found a correlation in a scatter band that was,
however, fairly wide.

These conclusions have been confirmed in many labora-
tory and industrial testsfor awide range of iron-base materi-
als, under the condition that the matrix structure and the
carbide type and morphology in white irons is taken into
account.

Rohrig (1971, 1974) rearranged Borik and Sponseller’'s
data together with additional test results according to matrix
structures and carbide type. As shown in Fig. 8.17, abrasion
resistance in the jaw-crusher test is a function of carbon
content and microstructure. Martensitic or martensitic-auste-
nitic cast irons and steels exhibit the highest abrasion resis-
tance, followed by austenitic steels and irons. Pearlitic cast
irons are extremely poor, which can be explained by the fact
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Fig. 8.16. An interesting comparison between two common laboratory abrasion tests.
The rubber wheel abrasion test ranks martensitic irons as having consistently better
abrasion resistance than austenitic irons, while the pin abrasion test ranks these alloys
in the exact opposite manner, in most cases. (After Zum Gahr and Eldis, 1980)
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(Abrasive Wear Classification, continued)

that the pearlitic matrix is unable to sufficiently support the
carbides against fracture and detachment under the high
surface pressure in the jaw-crusher test. Austenitic matrix
structures can be work-hardened to a high degree, but not to
thelevel of aninitially martensitic structure, which canalsobe
work-hardened to some extent. Therefore, they are still less
resistant. Mixed matrix structures of austenite and martensite
in the as-cast high-Cr irons No. 7 are in between. The lower
abrasion resistance of the 26Cr iron No. 8 results from its
lower carbon martensite and a till fairly high austenite
content. Ni-Hard 4 (No. 10) was not properly heat treated.
This behavior of high-austenite-martensite structures agrees
withthefindingsinFig. 8.12. Figure8.17 al so showstheeffect
of the carbide type. With a comparable matrix structure,
chromium carbides are more resistant than cementite, as
shown by the comparison of the high-Cr-ironsNo. 6 and 7 to
Ni-Hard 1 + 2 (No. 9).

Similar relationshi psbetween carbon content and abrasion
resistance have been found by Réhrig (1971) after replotting
existing published data. Figure 8.18 contains results of a
dlurry abrasion test with a mixture of water and silica sand,
published by Miyaoshi et al. (1966).

Martensitic cast irons and steels, pearlitic ironsand steels,
and austenitic manganese steels form three distinct scatter
bands, and the influence of the carbide type is also evident.
Austenitic manganese steel performs poorly under the low-
stress abrasion conditions in this test.
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Legend: 1, austenitic 12Mn steel; 2, pearlitic low-alloy steel; 3, quenched + tempered
wrought steel; 4, quenched + tempered CrMo cast steel; 5, austenitic 6Mn-1Mo steel;
6, hardened 15Cr-5Mo cast iron; 7, as-cast 12-20Cr cast iron; 8, hardened 26Cr cast
iron; 9, Ni-Hard 1+ 2; 10, Ni-Hard 4; 11, pearlitic 15Cr castiron; 12, peatrlitic chilled 1.8Cr
cast iron.

Fig. 8.17. Relative abrasion rates of various iron base
materials as a function of carbon content and microstructure.
Testing was done in a small jaw-crusher crushing river gravel.
The reference material is a low alloy HSLA steel Grade B ASTM
A 517-68. (After Borik and Sponseller, 1971, and Réhrig, 1971,
1974)
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Theresultsof mill testing grinding balls(Normanand Hall,
1969) in Fig. 8.19 demonstrate that the relationship between
carbon content, matrix structure and abrasion resistance is
also valid under industrial conditions. Here too, martensitic
irons and steels perform better than pearlitic or austenitic
materials.

Carbon seems to improve abrasion resistance by severa
mechanisms. Theinitial as-quenched hardness of martensite
isincreased by higher carbon content. Thiswill have an effect
in low-alloy steels as well asin white cast irons. The work-
hardening of austenite—in manganese steels as well as in
white cast irons—isincreased by carbon. In white cast irons,
carbon increases the amount of carbides (carbide volume
fraction, CVF).
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Fig. 8.18. Relative abrasion rates of various steels and white
cast irons as a function of carbon content and microstructure
in a slurry abrasion test with a water and silica sand mixture.
(After R6hrig, 1971, based on data by Miyoshi, et al., 1966)
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Fig. 8.19. Relative abrasion rates of various steels and white
cast irons as a function of carbon content and microstructure
determined on grinding balls for grinding a hard quartz-rich
molybdenum ore (After R6hrig, 1971, based on data by
Norman and Hall, 1969)
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Carbide Volume Fraction (CVF)

One of the more systematic papers on laboratory abrasion
resistance is the work performed by Zum Gahr and Eldis
(1980) on abroad range of high-Cr whitecastirons. Table 8.6
presentsthecompositionsof their alloys. Thealloyswereheat
treated to have either austenitic or martensitic matrices. Abra-
sion results for just the martensitic matrices are presented in
Fig.8.20.InFig. 8.20a, therubber wheel test showsthat, asthe
CVFisincreased past 30—35%, thelaboratory abrasion resis-
tance decreases.

This is quite interesting. The eutectic CVF for high-Cr
ironsis around 35% and, as the iron goes hypereutectic, the
abrasion resistance decreases. This result would tend to sup-
port empirica field evidence about hypereutectic irons. It
would appear that the best abrasion resistance lies in irons
having eutectic compositions.

Just to keep things confusing, Fig. 8.20b provides some
perfectly contradictory results using the pin abrasion test.
When the abrasiveisgarnet, the abrasive resistance reachesa
plateau from about 35% CVF onward. As the iron becomes
fully hypereutectic (>35% CVF), the garnet pin abrasion
resistanceisno better thanregular eutecticirons(~35% CVF).
This, initself, demonstrates the all around robustness of AR
irons having eutectic compositions.

Table 8.6
Chemical Composition and CVF of
Experimental High-Cr Alloys@®

Heat
No.@ %C %Cr %Si %Mo  %Mn  %Cu

CVF®
0.58@) 2403 1.6G 1.24 7.1
0.583 240 1.6® 1.24 9.8
0.58@ 240G 1.6 1.14 14.4
0.58G3) 240G 160G 1.14 17.4
0.58@ 2.4 1.6 1.03 24.3
0.583 24 160 1.03 227
0.58@) 2403 1.6 0.94 29.1
0.583 240 16 094 304
0.58@) 240G 1.6 0.94 28.0
0.583 24 160 087 37.6
0.58® 2.4 1.6@ 0.87 41.16)
21A 393 246 0583 243 160@ 076 454
21B 3.81 25.7 0.58® 2.4 16@ 0.76 38.84)
(1) Zum Gahr and Eldis (1980)

(2) Alloys were cast into 50-mm thick Y-blocks.

17A 141 11.6
17B  1.38 12.8
18A  2.00 15.8
188  1.89 17.8
16A  2.58 17.6
16B  2.48 18.7
19A 2.87 20.0
19B 279 21.0
63 2.92 19.0
20A 350 234
20B 341 241

(3) Si, Mo and Mn contents are approximately the same for all
alloys.

(4) Carbide volume fraction measured by image analysis using 50
fields at 250X.

(5) CVF measurement is worrisome. Based on phase diagram
predictions. Heat No. 21B must have a higher CVF than heat
No. 20B, and, based on other experimental work, its CVF
should be in excess of 42% (see Laird and Dogan, 1996).
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Fig. 8.20. A wide variety of laboratory abrasive behavior is
demonstrated by the (a) rubber wheel test and the (b) pin
abrasive test, using 180-mesh SiC and 150-mesh garnet
abrasives. The irons have dominantly martensitic matrices
(destabilized at 900C (1652F) and are then cryogenically
treated at —78C (—108F)). (After Zum Gahr and Eldis, 1980).
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(Abrasive Wear Classification, continued)

If the abrasiveis SiC, the pin abrasive results are nonsen-
sical. Asthe CVF increases, the SiC pin abrasion resistance
decreases. This phenomenon has been explained by avariety
of mechanisms. Basically, the much harder and tougher SiC
abrasive (2500 HV versus 1200 HV for garnet) rips apart the
iron’s microstructure, regardless of microstructure and car-
bide. Asthe CV Fincreasesand theiron becomesmorebrittle,
the SIC abrasive can rip out a larger chunk of the iron,
increasing the laboratory wear loss. Thislaboratory phenom-
enon has found no counterpart in an industrial situation.

Theeffect of thecarbon content, which trandatesinto CVF
inrelation to abrasive hardnessin the pin abrasion test, can be
seen in Fig. 8.21. There is a distinct minimum amount of
abrasion resistance that is displaced to higher carbon content
when the abrasive hardness decreases. However, for garnet
and flint, which can be regarded as similar to industria
minerals, the abrasive loss at hypereutectic carbon content is
still much lower than at eutectic composition, whichisaround

U

20 P

Nt I
& alumina

N 7600@arnet~ v » - -
800 1

glass

Carbon, weight percent
\ .

) | ]
T

529 599 703 724
‘ Hardness HV10

Fig. 8.21. Effect of the carbon content of a martensitic-
austenitic 30 Cr iron on the abrasion loss in a pin abrasion test
with abrasives of different hardness. (after Wahl, 1970)
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Fig. 8.22. Laboratory pin abrasion data favors the 15% Cr iron,
regardless of matrix microstructure (both irons have nearly the
same CVF). Results show that the pin abrasion test favors

larger, coarser carbides (15% Cr iron) over finer carbides (27%
Criron). (After Tabrett, 1997)
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2.5% C in this 30Cr iron. Superior performance of strongly
hypereutectic 35Cr irons has been reported by Sare (1977).

Inindustrial applications, abalance among abrasion resis-
tance, resistance against breakage and processing has to be
found. In most cases, hypoeutectic or eutectic irons are con-
sidered to be the best compromise. However, in some appli-
cations, hypereutectic cast irons give excellent performance.
It should also be mentioned that hardfacing alloys contain
very high carbide volume fractions.

Carbide Size

Depending on the cooling rate of the casting or the chemical
composition, the carbide size can vary significantly. For
example, chill casting will create much finer carbidesthan are
found in a slow-cooled sand cast iron. Moreover, as the Cr
content increasesin ahigh-Cr iron, the carbides will become
smaller and smaller. Thisisshown most clearly inthe carbide
size distributions recorded for 15% Cr versus 25% Cr irons
(see Chapter 4 on Hardenability for details).

Hidden away in Diesburg and Borik’s (1974) work is a
reference to the effect of cooling rate on pin abrasion resis-
tance. They noticed that in a3.2% C, 18% Cr iron higher pin
abrasion resistance was found in the sample taken from the
dlower cooled iron. Their conclusion was that coarse, large
carbidesyieldedincreased |aboratory pin abrasionresistance.

In another work by Avery, on thick mill liners, coarser
structures yielded lower wet sand abrasive factors. Hiswork
used samples prepared from 50-50 mm (2—6 in.) thick mill
liners. In most cases, the samples sectioned from the surface
yielded better laboratory abrasion resistance than those sec-
tioned fromtheinterior of theliner. Morecompleteresultscan
be found in Appendix C. It would appear that Avery's wet
sand abrasive test favors smaller carbides, while the pin
abrasive test favors larger carbides.

Sincealloy content influencesthe carbidesize, it would be
only natural to see some general effect based on Cr content.
Thistrendisshownnicely inthework by Tabrett (1997). Inhis
work, he compared the pin abrasion resistance of a 15% and
27% Cr whiteiron having nearly identical CVFs. Figure 8.22
givesagood ideaof thedifferencesin pinabrasiondatafor the
two irons. Regardless of matrix microstructure, the 15% Cr
iron had much better pin abrasion resistance than the 27% Cr
iron. All thingsbeing equal, theonly logical explanationisthe
differencesin carbide particle size.

In Tabrett’'s work, a literature review is provided on the
effects of carbide sizeon abrasion resistance. Theliteratureis
conflicting. Depending on the laboratory wear environment,
the results can go either way. One safe statement is that
carbidesize doesinfluencetheabrasionresistance of theiron.
Whether small or large carbides provide the “best” field
abrasion resistance is unknown at thistime.

Unpublished field experience with high-Cr iron blow bars
on impact crushers in some European quarries has given
indication that afiner grained carbide structure reduces wear
performance.

Abrasion-Resistant Cast Iron Handbook



Carbide Morphology and Hardness

Two dominant carbide morphologiesexist intheworld of AR
irons. The carbides are either of the M3C plate-like morphol-
ogy or of the MC3 rod- and blade-like morphology. It isthat
simple.

Field trials have consistently shown the M;C3 carbide to
provide better abrasion resistance than the M 3C carbide (e.g.,
Norman and Loeb, 1948 or Albright and Dunn, 1983). The
M-C; carbide’ simproved abrasion resistance is attributed to
twofactors: 1) itsdiscreterod- and blade-likemorphol ogy and
2) its higher hardness. Both of these factors have been dis-
cussed at length in Chapter 5 on Morphology, and it seems
natural that these attributes would translate into improved
wear performance.

Laboratory wear tests abound in their quantitative esti-
mates of the relative merits of irons based on the M3C or the
M-C; carbide. Once again, none of these |aboratory tests are
correlatedwithfield performance. Table8.5 providesaglimpse
of how the M3C carbide (Ni-Hard 1) stacks up against the
M-C3 carbide (HC-250, 15-3 and Paraboloy). In some cases,
theNi-Hard 1 alloy providesbetter [aboratory abrasion resis-
tance than the low hardness HC-250 and 15-3 alloys. This
result reflects the importance of matrix hardness in this
laboratory test. Overall, if thematrix isof similar hardness, the
irons containing M+C3 carbides provide better laboratory
abrasion resistance.

Pin abrasion tests provide similar comparisons between
Ni-Hard 1 irons (M3C) and high-Cr irons (M-Cg). Examples
of pindataaregivenin Table8.4. Ni-Hardironsoffer superior
abrasion resistance, compared to high-hardness forged stedl,
but do not compare as well against the high-Cr alloys (e.g.,
high-Cr 1A). Microstructurally, the hard abrasives used in
these laboratory tests are much harder than the MsC carbide
(e.0., 1400 versus900HV, respectively). Consequently, these
abrasives can easily deform and gouge the Ni-Hard 1 micro-
structure. Since the M3C carbide morphology is somewhat
continuousand plate-like, it iseasily fractured and “ chipped”
away during the laboratory abrasion test.

The higher Cr irons, with their harder M;C carbides (e.g.,
~1400 HV), resist, to agreater extent, the damage introduced
by abrasives plowing through their microstructures. Sincethe
carbides are much less continuous or somewhat discrete, the
damage introduced by the hard abrasives is more localized
and less prone to chipping.

How well these mechanismstrandateinto field damageis
debatable. In some applications, Ni-Hard 1 is the superior,
cost-effectivematerial, while, in other applications, ahigh-Cr
material provides the competitive advantage. Nevertheless,
understanding the limitations of the microstructure should
help guide usersin its use.

Exotic Carbides—In some select applications (e.g., hot strip
sted mill rolls), the use of irons alloyed with NbC and VC
carbidesarefindingacceptance. Althoughthesecarbideshave
hardnesses in excess of 2000 HV, they are often present in
volume fractions less than 10% in most irons. At such alow
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CVFitisdifficult to attribute improved abrasive wear resis-
tance to these carbides. Within the literature, only minor
improvements in laboratory abrasion resistance has been
shown for these exotic carbide additions.

For vanadium, it has been reported from field trials with
dredgepumpsand shot blastimpeller bladesthat ahigher wear
life could be achieved with 15Cr-Mo irons if 1-2% V were
added. It isnot clear whether thiseffect is dueto the presence
of hard vanadium-rich carbides or to a reduction of retained
austenite due to the carbon depletion of the matrix by the
formation vanadium carbides.

Irons that contain only specia hard carbides have im-
proved abrasion resistance, asshowninFig. 8.23. In pressing
refractory bricks, themoldlifewaslonger forironscontaining
Nbor V carbidesinstead of softer Cr or W carbides, according
to Popov and Nagorny (1969). The matrix was austenitic
because the refractory mass had a high alumina content.

(8.23b) enlargement of (8.23a)

Fig. 8.23. Backscatter SEM images of subsurface cracking in a
high-Cr impact hammer used in a high-speed vertical impact
mill. The horizontal cracks shown in the M;Cs carbides
(arrows) are due to repetitive-impact damage. (Alloy courtesy
of Eagle Foundry, Eagle Creek, Oregon, U.S.A. The image was
taken by W. K. Collins, Albany Laboratory, DOE, Albany,
Oregon, U.S.A.)
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Repetitive-lmpact
Wear Classification

Repetitive-lmpact wear exists, to some extent or another, in
all large-scale abrasive wear processes. In its extreme form,
the carbide structure of the iron is damaged, far below the
surface of the iron. Such subsurface damage weakens large
regions of the iron’s microstructure, leading to a particular
severe form of wear known as spalling. Figure 8.24 shows a
good example of repetitive-impact damage in a heat-treated
high-Cr AR cast iron (3.0% C, 25% Cr). Cracking parallel to
the wear surface creates a subsurface fracture path that even-
tually links up to the surface. The result of this repetitive-
impact damage mechanism is the formation of a spall or a
convex-shaped wear fragment.

The mechanics of spall formation from repetitive-impact
damage are quite complex but can be simplified to their
essentials. For example, in the formation of spallsin high-Cr
cast irons commonly used in vertical or horizontal impact
mills, chunks of rock (5-25 cm (2-10 in.)), are quickly
fracturedinto much smaller chunksfor subsequent comminu-
tion or extraction processes. When the casting isimpacted by
arock, tensile stresses are formed along the periphery of the

Fig. 8.24. Extensive subsurface cracking is shown in the
backscatter SEM image taken on an experimental repetitive-
impact-resistant high-Cr iron. (After Laird et al., 1988)
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Fig. 8.25. Schematic of vertical crack formation due to impact.
(After Lawn, 1993)
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interface between therock and casting. Thesetensile stresses,
which develop due to the rock “punching” into the softer
casting, drive the formation of vertical cracksthat propagate
from the surface of the casting downward into the material.
Figure 8.25 showsaschematic of thistypeof crack formation.

As the rock makes full contact with the surface of the
hammer, high shear stresses develop underneath the impact
zone. AsFig. 8.26 shows, peak shear stressesdevel op at some
distance beneath the surface of the casting. Consequently, the
microstructure plastically deformsand weakens, asrock after
rock hits the casting.

Eventually, these initially small cracks (as shown in Fig.
8.23) link up to form much larger cracks. Such severe repeti-
tive-impact damage is shown in Fig. 8.24. After afew more
impacts, chunks of the material are released in the form of
spalls. Figure 8.27 provides a brief summary of the spalling
mechanism.

Repetitive-impact damage can be extremely severe with
rapid material loss due to large-scale spall formation. This
wear mechanism should not be confused with catastrophic
failure of the casting, which is more a characteristic of the
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Fig. 8.26. Subsurface shear stress distribution due to
localized contact by a hard particle. Similar distributions occur
during impact loading. In all cases, maximum damage (i.e.,
max shear stress) occurs beneath the impacted surface.
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Fig. 8.27. Spalling mechanism in AR cast irons. Large spalls
typically form after extensive subsurface damage from
repetitive-impact. (After Laird et al., 1988)
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casting’s impact toughness, which can be related to the
material’ s fracture toughness or simple-blow impact tough-
ness (see Appendices B and C).

Thereisno simpletest that allows an end user to quanti-
tatively define the severity of the repetitive-impact compo-
nent of their wear environment. In most mineral comminu-
tion applications, e.g., impact mills, repetitive-impact wear
is dominant. In other applications it is more difficult to
quantify. A prime example is in large-diameter ball mills.
Under perfect conditions, the ball mill is always operated
with acushion of oreagainstthe AR mill liners. With theore
cushioning theimpact of theballsand falling ore, theimpact
component of the wear environment is rather mild. Never-
theless, mill conditionscanvary, leavinglittleoreto cushion
the impact of the grinding media, resulting in severe repeti-
tive-impact conditions.

The ratio between abrasion and repetitive-impact wear
for the completelife cycle of thelinersand / or lifter barsis
nearly impossibleto cal culate. Consequently, alloy selection
is often best done by the person closest to the intended
application. Following thislogic, the goal in this section on
repetitive-impact wear isto provide someclear guidelinesas
to why certain alloys perform the way they do under repeti-
tive-impact and how best to combat repetitive-impact wear
while still retaining good abrasion resistance.

Fig. 8.28. Ball-on-ball impact machine. A dropped ball hits a
stack of balls contained within a J-shaped tube, creating
multiple impacts of decreasing magnitude. The residual force
from this impact causes the release of one or multiple balls
from the end of the J-tube and into the conveyor system to
repeat the process.
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Repetitive-Impact Field Trials
Vs. Laboratory Testing

Repetitive-impact wear has been studied in the laboratory
using avariety of test methods. We have the ball-on-ball and
ball-on-block variantsdevel oped by theU.S. Bureau of Mines
and amyriad of other testing apparatusesthat have attempted
to measure both repetitive-impact wear and abrasive wear,
simultaneously. In al cases, none of these laboratory tests
have been correlated to an industrial application that experi-
ences repetitive-impact wear (e.g., impact hammers used in
vertical and horizontal impact mills). Hence, our discussion of
repetitive-impact field trials is extremely brief due to the
paucity of published data.

Ball-On-Ball Repetitive-l mpact Test

Laboratory repetitive-impact testing is best exemplified by
theball-on-ball test devel oped by Blickensderfer and Tylczak
(1983) at the U.S. Bureau of Mines. This test has only been
casually correlated to marked ball dataand ball mill liner data.
However, inboth cases, themarkedball and ball mill liner data
hasalso shown correlationwith several straight abrasiontests.
Y et, strong belief till existsin the industry that the ball-on-
ball test providesagoodindication of thematerial’ sresistance
to repetitive-impact field conditions.

Figure 8.28 shows a schematic of the ball-on-ball test. In
thisconfiguration, thetest uses 75-mm(3-in.) diaballsand the
drop height is about 3 m (9 ft). Other users have adopted this
test to 150 mm (5in.) diaballsand drop heights of 5 m (15 ft)
or more. Each impact event produces a cascade of decreasing
impacts. Thetest hastwo distinct benefits: alarge number of
impactsis produced in avery short time and awide range of
impact energies is imparted to the whole surface of the test
specimen. Considering that the test imparts a spectrum of
impact damagetothematerial, it perhapsmoreclosely mimics
field repetitive-impact conditions. However, this hypothesis
has not been confirmed by field trials.

In this laboratory test, repetitive-impact testing is per-
formed until the ball breaks or until it spalls excessively. An
example of aheavily spalled ball and its detritusis shown in
Fig. 8.29.

Fig. 8.29. A heavily spalled ball and its detritus after extensive
repetitive impacts in the ball-on-ball impact test.
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(Repetitive-lmpact Wear Classification, continued)

A uniquefeature of thistest isthe ability toimpart damage
to the whole surface of the ball. As the ball is repetitively
impacted, plastic flow occurs uniformly over the whole sur-
face of the ball. Moreover, due to the random mixing of the
experimental and standard balls during the course of the test,
the impact distribution between hard or soft or chipped and
spalled balls is consistently uniform. Table 8.7 presents an
example of some ball-on-ball repetitive-impact data.

Analysis of the data given in Table 8.7 shows some clear
trends. If the material is anything but austenitic (WCI-A1),
then repetitive-impact toughness is extremely good. For ex-
ampl e, the highest repetitive-impact resistances are provided
by pearlitic (WCI-A6) materials followed by martensitic
(WCI-A10) materias. In many ways, repetitive-impact dam-
age is driven by the buildup of residual stresses due to the
transformation of austenite to martensite. Figure 8.30 shows
retained austenite data plotted against repetitive-impact
(spalling) damagefor avariety of AR castirons. Insomeways,
the ball-on-ball repetitive-impact test can double as atool to
measure retained austenite, albeit, avery expensive and time-
consuming tool.

Another interesting result offered by the ball-on-ball re-
petitive-impact test is that tempered martensitic materials
perform dlightly better than untempered irons. Thisis shown

in Table 8.7 in materials WCI-B9 through WCI B11. Asthe
martensiteistempered (asdemonstrated by theiron’ sdecreas-
ing hardness), the iron’s laboratory repetitive-impact resis-
tanceincreases. Thisislogical, based on standard metallurgi-
cal knowledgethat tempering increasesthe toughness of most
martensitic structures.
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Fig. 8.30. Retained austenite versus spalling data for AR cast
irons. As the retained austenite increases, the spalling damage
likewise increases hyperbolically. Trends indicate that below
10% retained austenite, little variation is found in repetitive-
impact toughness as measured by the laboratory ball-on-ball
test. (After Blickensderfer et al., 1989)

Table 8.7
Laboratory Ball-On-Ball Test Data for Various AR Cast Irons and Steel

Composition (Wt%)

Alloy C Cr Mn Mo Ni Si

WCI-A1®) 2.0 184 054 0.0 0.38 0.29
WCI-A6() 2.0 18.4 0.54 0.0 0.38 0.29
WCI-A10() 2.0 18.4 0.54 0.0 0.38 0.29
WCI-B1®W 3.1 17.7 0.63 1.10 0.45 0.22
WCI-B4X) 3.1 17.7 0.63 1.10 0.45 0.22
WCI-B9() 3.1 17.7 0.63 1.10 0.45 0.22
WCI-B10®) 3.1 17.7 0.63 1.10 0.45 0.22
WCI-B11®W)1 3.1 17.7 0.63 1.10 0.45 0.22

Ni-Hard 4-A1@ 2.9 8.8 11 0.0 5.7 1.2

Ni-Hard 4-A2@ 3.5 9.6 11 0.0 6.5 2.0
Forged steel®  0.89 0.50 0.85 0.0 0.10 0.21

Forged steel®  0.73 0.20 0.73 0.0 0.13 0.15

A = austenite, M = martensite, P = pearlite and TM = tempered martensite

(1) Data obtained from Blickensderfer et al. (1989).
(2) Data obtained from Laird Il (1988).
(3) Data obtained from Laird Il (1993).
(4) Data obtained from Blickensderfer et al. (1989).

Hardness Number of Type of Volume Loss
Phase HB Impacts Failure mm3/Impact
A 426 9,822 breakage 1.13
P 466 220,000 spalling 0.064
™ 629 100,000 spalling 0.15
A 415 <10,000 breakage 1.48
486 230,000 spalling 0.062
™ 737 50,000 spalling 0.36
™ 655 115,000 spalling 0.13
™ 618 140,000 spalling 0.10
M+ A 518 61,000 spalling/
breakage 0.21
610 158,000 spalling 0.082
800 64,000 spalling 0.23
81,000 0.22
63,000 0.21
M+P 354 300,000 flaking 0.0087
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Ball-On-Block Repetitive-l mpact Test

One of the early laboratory testing programs for repetitive-
impact resistance was carried out on ball-on-block test equip-
ment. The most frequently cited work of thistypeisthe paper
by Dixon (1961). Figure 8.31 shows a schematic of Dixon’s
test. Thetestisvery similar in form to that of the ball-on-ball
except that the impact is much more severe against the heavy
Ni-Hard block.

Dixon’s work explores the heat treatment effects on one
Ni-Hard 1 alloy having a nominal composition of 3.39% C,
0.63% Si, 0.60% Mn, 3.51% Ni, 1.40% Cr and balance Fe.
Table 8.8 summarizes this work. From inspection of Table
8.8, it can be seenthat the poorest repetitive-impact resultsare
produced from ironsthat have significant amounts of austen-
ite(as-castM+A) or areexcessively brittle(all martensite, M).
Thisresult parallelsthedataprovidedin Table8.7 for high-Cr
(WCI-Aland WCI-B9) AR castironsusedintheball-on-ball
test. Asthe retained austenite content is reduced, the repeti-
tive-impact resistance increases. The best results are pro-
duced when the structure is either tempered martensite or
stablebainite. Inboth cases, we avoid transformati on-induced
stresses during repetitive-impact testing.

Qualitative Understanding of
Field Wear Vs. Laboratory Testing

In many respects, laboratory repetitive-impact testsprovide a
good measure of the iron’s retained austenite content. If the
iron contains any significant fraction of retained austenite, its
laboratory repetitive-impact lifeisextremely short. Thistrend
is shown in Fig. 8.30 and is commonly found in every
laboratory repetitive-impact test.

—— e =
T T
l |?._“H-P
Al
ar
i |
- |
= | |
i, I
B
K
II-'
|
- |
. i
]
b | I
il
Mitkapdl gl Al _.E
milsnd of ¥ pie I
¥z e heo inekol ral ""»,w
+
&/

Fig. 8.31. Ball-on-block repetitive-impact testing equipment.

A single ball drops approximately 21 feet on to a fixed wear test
block. The test runs until the wear block fractures or wears
significantly. Alternatively, balls can be evaluated in a similar
manner (i.e., fracture or wear). In Dixon’s test, balls were tested
and had nominal diameters of 38 mm (1.5 in.) and were im-
pacted until they fractured. (Schematic courtesy of Dixon, 1961)

Abrasive and Repetitive-Impact Wear Performance

Industrially, most users understand that high-volumefrac-
tions of retained austenite are extremely perilous in irons
subjected to repetitive impact. In this regard, the laboratory
repetitive-impact test hasdone agood job with simulating the
premature failure of industrial components. These rather
coarse, order-of-magnitude trends start to dissipate at the
lower retained austenite contents.

For example, following the data shown in Tables 8.7 and
8.8and Fig. 8.30, ARironsused in repetitive-impact environ-
ments should have extremely low retained austenite content.
Thisisnot exactly true, for anumber of reasons. To obtainlow
retai ned austenitecontentin AR irons, adupl ex heat treatment
is required. Subseguent to the high-temperature destabiliza-
tion stage, the resulting mixture of austenite and martensite
must be subjected to asubcritical heat treatment that tempers
the existing martensite and encourages the remaining austen-
ite to further transform to martensite. The resulting structure
is extremely low in retained austenite, but its hardness has
suffered. For example, closer inspection of the datapresented
in Table 8.7 shows that high repetitive-impact resistance
comes at the expense of hardness. As hardness suffers, abra-
sion resistance typically degrades, in concert.

Forindustrial users, itisabalancing act between repetitive-
impact resistance and abrasion resistance demands of the
application. Figure 8.32 shows an exampl e of |aboratory data
from a standard pin-on-drum abrasion test and a ball-on-ball
repetitive-impact test. In most cases, you either get good
abrasion resistance or good repetitive-impact resistance. Ina
specia case, both good abrasion and repetitive-impact resis-
tance are shown for acouple of irons. Irons that exhibit these
favorable laboratory characteristics have near eutectic com-
positions and have been duplex heat treated. What is most
interesting isthat similar trends have been shown industrially
with many users switching to irons having compositions
around the eutectic and low retained austenite contents for
applicationsrequiring significant repetitive-impact resistance.
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Fig. 8.32. Combining good laboratory abrasion resistance and
repetitive-impact resistance is difficult. In most cases, there
will be either good abrasion resistance or good repetitive-
impact resistance. The unmarked data points represent
high-Cr AR irons. The two irons within the ellipse have a
nominal composition of 3% C, 20% Cr and 2% Mo and were
duplex heat-treated, to lower the retained austenite to below
10%. (After Laird, 1993)
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(Repetitive-lmpact Wear Classification, continued)

Table 8.8
Laboratory Ball-On-Block Test Data®
Average

Estimated Hardness Life-to-Fracture
Heat Treatment Phase RA®) DPN (HB) in Drops
As Cast M+ A 50% 715 (600) 487
4hrat275C (527F) M+B+A  10% 750 (630) 3070
46 hr at 275C (527F) TM +B 0% 770 (650) 4350
4 hr at 850C (1560F) M 0% 800 (681) 295
4 hrat 450C (840F) B +TM 0% 670 (560) 7200
4 hr at 275C (527F)
4 hr at 750C (1380F) ™ 0% 790 (670) 5650

4 hr at 275C (527F)

martensite.

green sand molds.

notes provided by Dixon (1961).

A = austenite; M = martensite; P = pearlite; B = bainite; TM = tempered

(1) Data obtained from Dixon (1961) on Ni-Hard 1 balls having a nominal
composition of 3.39% C, 0.63% Si, 0.60% Mn, 3.51% Ni, 1.40% Cr and
balance Fe. Balls were cast from one foundry heat into 37-mm (1.5-in.) dia

(2) Estimated retained austenite (RA) content is inferred from microstructural

Designing Microstructures for
Repetitive-Impact Resistance

Matrix Structure

Withregardto repetitive-impact resistance, retained austenite
is everything. As mentioned, the real damage is done by the
strain-induced phase transformation of the retained austenite
to martensite as the iron is repetitively impacted. As this
retained austenite transforms to martensite, the resultant 4%
volume expansi on creates high subsurface stresseswithinthe
iron. It is this volume expansion that is believed to cause
severe subsurface cracking, leading to high spalling loss or
catastrophic failure of the casting.

Laboratory repetitive-impact data tends to support these
arguments that the matrix dominates the repetitive-impact
performance of the material. It isthis overwhelming reliance
on the matrix structure over all other microstructural consid-
erationsthat |eaveslittleroomfor repetitive-impact optimiza-
tion of AR cast iron structures.

In fact, if we plot repetitive-impact resistance against
retained austeniteand CVF, Fig. 8.33leadsoneto believethat
the CVF of theiron haslittleaffect onitslaboratory repetitive-
impact resistance. This result confirms the importance of
controlling the retained austenite content of irons subjected to
severe repetitive-impact damage.
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CVF, Carbide Size and Morphology

Considering the dominance of the matrix structure in repeti-
tive-impact situations, thereislittle comment concerning the
carbide side of the equation. It isquite surprising considering
the importance of CVF on fracture toughness, that carbide
morphology would have so little affect on repetitive-impact
damage. Nevertheless, laboratory data on repetitive-impact
resistance is quite clear showing the nil affect of carbide
morphology on repetitive-impact damage. It would appear
that once the matrix has been stabilized (i.e., the retained
austeniteloweredto bel ow 10%), almost any AR castironwill
survive successive impacts.

Reratea eyt lasrirrs med sepad

telzined Audendes T

Fig. 8.33. Regardless of the iron’s CVF (CVF), the laboratory
repetitive-impact resistance is governed by the iron’s retained
austenite content. (After Blickensderfer et al., 1989).
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Chapter 9

Corrosive/Abrasive Wear Performance

Corrosion can be defined asachemical processthat resultsin
the gradual wearing of materials. Since AR irons are not
typically used in applications where corrosion aone is an
issue, we will ignore the issue of pure corrosion. Abrasion-
resistantironsaretypically placedinto abrasiveenvironments
that, depending on the process, might be mildly or severely
corrosive; nevertheless, the overall dominant wear mecha
nismis abrasion.

It is the synergism between corrosion and the abrasive
process that makesthe corrosive performance of AR irons so
interesting.

It is the focus of this chapter to explore the relationship
between corrosion and abrasion in AR irons and arrive a a
better understanding of how composition and microstructure
relates to corrosive/abrasive performance. (See Glossary for
corrosion)

Corrosion/Abrasion Relationship

If an iron or steel contains more than 12% Cr within its
matrix, avery thin Cr,Oz filmwill form over the surface of the
casting. This protective film acts as a barrier to further
corrosion or, in corrosion terminology, “passivates’ the ma-
terial. However, in an abrasive environment, this protective
filmisquickly removed, exposing the unpassivated material,
which can then quickly corrode before subsequently passi-
vating. Intheend, under severecorrosive/abrasiveconditions,
ahigh-Crironor steel will wear no better than alessexpensive
low-Cr iron or steel.

Inthiscontext, it should be noted that even under so-called
“noncorrosive” conditions, some corrosion takes place be-
cause air or the humidity in the air have a corrosive action.
Laboratory experiments in the wear pot by Uetz and Fohl
(1972, 1973) showed that the presence of air instead of inert
gasincreased wear of carbon steel uptothreetimes. Increased
wear was observed by these authors al so when surface-active
organicvaporswereintroduced. Thisphenomenonisdifficult
to explain by a simple corrosive action, and it indicates that
factors other than corrosion play arole, too.

The presence of water in the abrasive is well known to
increase wear dramatically, as shown not only in many labo-
ratory experiments like those by Uetz and Fohl, but also in
numerous crushing and grinding operations. Inimpact crush-
ing hardrock to gravel, anincrease of thewater content by 1%
results in 15% higher wear of the high-Cr iron impact bars
(Réhrig, 1971), and wet milling consumes up to ten times as

much metal as dry grinding the same ore (Dodd and Dunn,
1983). Theinfluence of the atmosphere can also be observed
inapplicationssuchasball mills. Grindingininert atmosphere
reducescorrosion and total wear rate. Grinding in oxygenated
atmospheres increases corrosion as Op-pressure increases
(Remark and Wick, 1976, Dunn, 1982).

Corrosion Resistance

When most people think of a corrosion-resistant material,
they think of stainless steel. When it was first discovered in
1912, its stainless qualities were noted by a resistance to
staining in a solution of nitric acid (HNOg). It wasn't until
much later that scientists noted that this corrosion resistance
was due to the formation of a very thin Cr,O3 film over the
surface of the material. The thickness of this film is in the
realm of nanometersand it istransparent to the observer. This
film acts as a barrier to the corrosive environment and pre-
vents further subsurface dissolution. Hence, after a stain-
less material is polished, it will appear mirror-like for many

days.

The key to the formation of this film is the presence of
oxygen in the corrosive liquid, either as free oxygen or as a
molecule within the liquid compound. If the liquid is free of
oxygen, the protective Cr,O3 film cannot form, and the
material is free to corrode. In the case of ferrous-based
materials, we are referring to the dissolution of iron atoms or
the breaking of covalent bonds between the iron atomsviaa
chemical reaction. Theendresultisthat theironatomsarefree
tofloat off into the corrosive sol ution. Conseguently, depend-
ing on the ability of the acid to create an environment poor or
rich in free oxygen, different acids will have different corro-
siverates.

Oxidizing/Reducing Environments

Acids are classified by their ability to form oxidizing or
reducing environments. Nitric acid is classed asan oxidizing
acid since, when mixed with water or alcohol, it forms a
solution rich with free oxygen asit attacks aferrous material.
Conversely, sulfuricacid (H,SO,) and hydrochloric (HCI) are
classed as reducing acids since they tend to form chemical
solutions that are poor in oxygen. (More information on
Oxidizing and Reducing Environments can be found in the
Glossary.) As can be expected, stainless steels perform far
better in oxidizing chemical solutions where there exists a
surfeit of free oxygen that isreadily available for the forma-
tion of a protective Cr,O3 passive film over its vulnerable
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ferrous substrate than they do in environments where the
chemical solution is dominantly reducing.

On apractical basis, this behavior shows up in the use of
variouschemical etchantsfor metall ographic sampleprepara-
tion. Solutions of nitric acid (2% nital) work exceeding well
on low-Cr alloys to reveal microstructural details, while
solutions of HCI are recommended for high-Cr and stainless
aloys. In the former, the nitric acid will readily dissolve the
martensitic or ferrite phase creating topological contrast that
allows easy phase identification by the microscopist. In the
latter, the protective passive film that forms on high-Cr and
stainless aloys resists nitric acid attack, so HCI solutions
should be used to break down this film to reveal the ferrous
substrate.

Chromium Threshold

A threshold matrix Cr content of 12%issufficient to makethe
stedl stainlessin air or water, that isto protect it against rust.
For corrosion resistance in acidic or halide-containing envi-
ronments, like sea water or chloride-contaminated waters,
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Fig. 9.1. Fe-Cr-C liquidus phase diagram with standard white
iron composition ranges and regions of alloys that are rust-
free (region A) or corrosion resistant in oxidizing acids (region
B). (after Roesch, 1936)
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higher Cr content isrequired. One of the most severetypes of
corrosionislocalized attack by chloridesintheform of pitting
Or crevice corrosion, or stress-corrosion. During corrosion by
pitting, chloride ions destroy the protective surface film
locally and create apit where an extremely corrosive, highly
acidic environment persists, which will penetrate into the
material. In order to make asteel resistant against thistype of
corrosion (e.g., stagnant seawater), aminimum of 30% Cr +
3% Mo in the matrix are required.

For moderate corrosion resistance, more than 12% Cr
dissolved in the matrix is necessary. Since a substantial
amount of Cr isbound in the carbide phase, ahigher bulk Cr
content isrequired. The higher the C content, the higher must
bethetotal Cr content of thealloy. K {ittner (1933) investigated
this problem and found that aminimum %Cr of 15 + 15-20 x
%C is necessary to provide areasonable corrosion resistance
in most oxidizing environments.

For example, whentheiron solidifies, regionssurrounding
the carbides will become dlightly depleted in C and Cr.
Likewise, during high-temperature heat treatment, theforma-
tion of small, secondary carbides will also cause a slight
depletion of these aloying elements. In stainless steel termi-
nology, the formation of these secondary carbides induces a
form of “grain-boundary sensitization.” The matrix regions
immediately adjacent to these carbidesdipsbel ow the 12% Cr
threshold and becomes prone to corrosive attack. In AR cast
irons, carbidesexist throughout themicrostructure, regardless
of any and al heat treatments. Consequently, to avoid this
sensitization response, the practical matrix Cr content is
probably closer to 14% than 12%.

These findingsweretranslated into commercial cast high-
Crironalloysand Roesch (1936) published adiagramindicat-
ing thelimiting Cr and C contentsfor rust-freeirons, andirons
that are corrosion resistant in oxidizing acids. These border-

Table 9.1
Microchemical Analysis of Selected AR Cast Irons
Melt Matrix
Alloy %C %Cr %C %Cr
440C 11 17 0.3 135
Low-Carbon 1.87 14.69 n.a. 12.47
15% Cr Iron(®)
ASTM A532 2.2 18.4 0.6 13.0
Class II-D
ASTM A532 3.0 20.2 0.8 11.0
Class II-D
ASTM A532-A 3.1 26.2 0.5 14.0
Class llI-A
Ferritic 2 30 0.1 25
High-Cr Iron
n.a. = not analyzed
(1) Analysis data after Kuwano et al. (1990).
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lines have been inserted into the liquidus phase diagram for
Cr-C-dloysinFig. 9.1.

AccordingtoFig. 9.1, none of the standard whiteironscan
beconsidered asreally corrosionresistant. Table9.1 provides
direct microchemical analyses. It showsthat, in fact, none of
the ironswould qualify as corrosion-resistant, based on their
matrices Cr content. However, the high-Cr content offers
some protection against corrosion so that the corrosion rate
decreaseswithincreasing matrix Cr content. Ingeneral terms,
aClassllI TypeA ironwith 25% Cr can beexpectedto corrode
lessthan aClass || TypeB iron with 15% Cr, which, in turn,
will bemoreresistant thanaClass| TypeB ironwith only 4%
Cr. The practical consequences depend upon the specific
environment and abrasive situation.

Figure 9.2 showsan exampleof theeffect of Cr contentand
abrasive, determined by the wear of grinding balls in a
laboratory ball mill (Rajagopal and lwasaki, 1992). The
marked ball wear testswere conducted in a203-mm diameter
porcelain mill using various Cr-containing cast iron balls, all
nominally 25.4 mm in diameter. The porcelain mill was
charged with 126 ballsincluding 14 marked ones. Beforetheir
use, thesurfacelayer of theballswasremoved by repeated wet
grinding of quartzite samples for 48 hours. To control the
atmosphere inside the mill, either nitrogen or oxygen was
introduced through aholedrilled at the closed end of the mill.

Marked ball wear testswere performed on samplesconsi st-
ing of quartzite, quartzite plus 5% pyrrhotite or 5% chal copy-
rite crushed to —10 mesh. The mill charge consisted of a600-
g sampleand 400 ml of 0.05M sodium sulfate solution at 60%
solids. Eachtest wasrunfor onehour. Wear under oxygenwas
higher than under nitrogen, especially inthemixturescontain-
ing pyrrhatite or chalcopyrite at low Cr content. A marked
transition can beobservedintheregion of 8-15% Cr, and wear
tended to decrease with increasing Cr content over the whole
range. The exact mechanism of the high wear rate under
oxygen in the presence of pyrrhotite or chalcopyrite is not
quite clear. Maybe it was due to an interaction between these
sulfitic minerals and oxygen.

In response to more severe corrosion reguirements, some
users specify aferritic high-Cr iron. A typical compositionis
given at the bottom of Table 9.1. Although thisiron formsa
network of AR hard carbides (Cr,3Cs), the matrix isquite soft
(ferrite). Nevertheless, theironisfairly corrosion resistant in
oxidizing and some reducing environments, and provides a
measure of abrasion resistance. Figure 9.3 showsaschematic
of the corrosion resistance of aferritic high-Cr AR cast iron
(0.8% C, 29% Cr) in nitric and sulfuric acids. Thisiron meets
the requirements of Fig. 9.1 for corrosion resistance and
represents an example of the corrosion resistant behavior (its
matrix contains over 20% Cr). It does give someideaof what
is possible and not possible. Alloys of this type have been
standardized, e.g., Germany in SEW 410, and have found
extensive use, e.g., in phosphate processing (Desestret et al.,
1994) and in some FGD instalations. In general, if more
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complete corrosion information is required, the literature on
stainless steels can be consulted (e.g., ASM Corrosion Hand-
book).

It should also be mentioned that the super high-Cr ferritic
wear irons are resistant to stress corrosion cracking. Most
issues surrounding stress corrosion cracking relate to struc-
tural componentsthat experience tensile stresses due to | oad-
ing or faulty heat treating. Under such conditions, corrosive
fluids can greatly lower the fracture toughness of the material
allowing relatively low tensile stresses to cause catastrophic
crack propagation. Themechanismsof stress-corrosion crack-
ing arenct entirely well understood. Inbrief, alloysthat do not
suffer from sensitization (i.e., a near-perfect passive film
formsover the surface of thealloy) do not significantly suffer
from stress-corrosion cracking in most corrosive environ-
ments.

The role of the metallic carbide in the corrosion process
should be mentioned here. InNi-Hard 4 and all high-Cr irons,
thecarbidematrixisof theM7Cstype. Asdiscussedin Chapter
5 on Morphology and Microstructure, these carbides contain
a minimum of 25% Cr. Consequently a passive film will
naturally form over the surface of these carbides under corro-
sive conditions. Nevertheless, if the matrix is low in Cr (a
prime example is the Ni-Hard 4 irons where the matrix Cr
contentisaround 3% Cr) thecorrosion processcan actually be
accel erated by theformation of agal vanic couple between the
passive carbides and the active (corroding) matrix. If we
consider only ironsthat contain morethan 12% Cr withintheir
matrices(seeFig. 9.1) thisproblemisavoided and theironcan
be considered truly corrosion resistant.
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Fig. 9.2. Effect of Cr content and abrasive medium on the wear
of grinding balls in a laboratory ball mill, under nitrogen or
oxygen atmosphere. (After Rajagopal and Iwasaki, 1992)
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Fig. 9.03. Corrosive behavior of a very high Cr AR cast iron
(0.8% C, 29% Cr). The corrosion rate is given in millimeters of
surface volume lost per year. Although good corrosion
protection is offered in an oxidizing acid, almost no corrosion
resistance is offered when a reducing acid is used. This trend
is identical to that shown by stainless steels, where corrosion
protection is provided by a CrO passive film. (Courtesy of
Bergische Stahl-Industrie, Remscheid, Germany, 1957)
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Behavioral Studies
Passivation Behavior

For aniron to remain passive within acorrosive medium, the
protectivepassivefilmmust remainintact onthesurfaceof the
iron. This seems almost too simplistic to state but it is an
important concept to focus on when we start discussing the
effectsof abrasion onthe corrosive behavior of AR irons. For
example, fundamental studies on the repassivation rates of
304 stainless steel have shown that light scratching doesn’t
always remove the passive film. That is, under some mild
abrasive conditions the Cr,O3 film can be quite tenacious.
Figure 9.4 showsafew resultsfrom thisstudy. Depending on
the aggressiveness of the scratch (where the depth of the
scratch is equal to its width), the corrosion behavior can
remain completely passive. Logically, as the scratch gets
wider and deeper it eventually starts to remove the passive
film.

Oneway to measure the combined effectsof corrosion and
abrasionisthedurry pot wear test asshowninFig. 9.5a. (This
will be further discussed in the section on Measuring Wear
Rates.) In thiswork, the dlurry is pumped through the pot by
apolymeric impeller. Samples and standard reference mate-
rials are placed round the perimeter of the pot, where they
come in direct contact with the abrasive durry (Fig. 9.5b).
During operation, the samples’ passivation behavior ismoni-
tored by a potentiostat (see Glossary). This instrument mea-
suresthe electric current flowing through the sampleinto the
dlurry, while a so measuring the voltage difference or poten-
tial between the sample and the corrosive liquid. By measur-
ing the current flow and potential, one can determinewhether
the sample has passivated or not. That is, when a materia
passivates, the passive film forms an electrical insulating
layer around the sample. When the sample is corroding,
electrons can easily flow through the sample and into the
dlurry. When the sampleis passivating (in the passive condi-
tion), the current flow is greatly reduced.
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Fig. 9.4. The 304 stainless steel remains relatively passive
(low charge density) under light scratching conditions. As the
scratch width increases above 60 microns, the passive film is
increasingly removed and the rate of corrosion increases (the
charge density increases). (After Adler and Walters, 1993)
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Regardless of the el ectrochemical measurements, the end
result of aslurry pot wear test is aweight loss measurement.
Theweightlossor volumeloss(dividingtheweightlossby the
density of the material) is then touted as the corrosive/abra-
sionresistanceof thematerial toslurry wear. Figure 9.6 shows
anexampleof test datacollected usingtheslurry pottest. Very
simply, the slurry pot wear test favors harder materials.

Synergistic Behavior

It would seem from the data presented in Fig. 9.6 that corro-
sive wear plays only a small part of the corrosive/abrasive
process. This is not exactly true. Laboratory and field data
lend credenceto theideathat a synergism occurs between the
corrosive and abrasive processesthat significantly affectsthe
total wear resistance of the material.

This synergistic behavior was investigated by Madsen
(1988) using a potentiostat-equipped slurry pot. By control-
ling the potential and, therefore, the current between the
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(9.5a) schematic

(9.5b) slurry pot

Fig. 9.5. Experimental apparatus to measure the corrosion and
wear behavior of materials in a slurry environment (a). The
samples have dimensions of about 25x25x10 mm (1x1x0.375
in.) and are arrayed around the perimeter of the slurry pot.
Abrasive slurry is then introduced into the pot, where a
polymeric impeller drives the slurry against the samples (b).
(After Madsen, 1989)
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sample and the corrosive liquid, the corrosion process was
significantly slowed. Basically, Madsen was supplying the
sample with enough electrons that the corrosive liquid had
little effect on the sampl e (thisistermed cathodic protection).
By negating the corrosion process, the slurry pot was then
measuring just the abrasive process.

By conducting pure abrasive and then standard corrosive/
abrasive tests, the synergistic behavior that occurs between
the corrosive and abrasive processes can be estimated. Figure
9.7 graphically presents this data. In al three aloys, the
combined corrosive/abrasive wear rate is about one-third
greater than the additive wear rates of straight corrosion and
abrasion. This magnification factor is termed a synergistic
effect.
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Fig. 9.6. Corrosive/abrasive wear of three alloys in a slurry
pot, using a mixture of tap water and 2% silica sand. The hard
martensitic steel (REM 500-HB 500) shows much better wear
than the soft corrosion-resistant 316 stainless steel (HB 125).
What is more surprising is that even the slightly harder A514
(HB 280) shows better corrosive/abrasive performance. (After
Madsen, 1988)
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Fig. 9.7. A look at the synergistic behavior between corrosion
and abrasion for three alloys evaluated in a slurry pot. The
wear rate is given in cubic millimeters of material lost per
hour, using a slurry consisting of a 2 wt% silica sand in a weak
sodium sulfate solution (0.06 molar). A potentiostat was used
to cathodically protect the ferrous samples and obtain the
pure abrasive wear measurements. A synergistic effect is
shown in all three samples (i.e., the corrosive/abrasive wear
loss is greater than the combined wear effects of corrosion
and abrasion). (After Madsen, 1988)
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Although corrosive/abrasive synergism is known to be
responsiblefor increased wear ratesin many mineral process-
ing environments, its mechanisms are quite complex. In
general, corrosion processesare accel erated whenever aclean
freshsurfaceispresentedtothecorrosiveliquid. Theconverse
of this behavior holds whenever a heavy scaleis allowed to
build up on the surface of the casting. In severely abrasive
environments, the surface is constantly being scoured, pre-
senting freshunpassivated material tocorrosiveattack (whether
or not the material contains more than 12% Cr within the
matrix). As one can imagine, acombined corrosive/abrasive
process will always produce greater wear rates than either
straight corrosion or straight abrasion.

A more specific explanation of synergistic mechanismsin
AR cast irons and steels is offered by Gates et al. (1995).
Figure 9.8 providesaquick ook at their proposed synergistic
mechanisms. In brief, synergism occurs because the matrix
suffers from corrosive attack and no longer supports the
carbides against abrasive attack. This behavior was found to
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Fig. 9.8. Corrosive/abrasive processes in (a) martensitic,
(b) austenitic AR cast irons containing more than 12% Cr in
the matrix and (c) pearlitic steels. In martensitic irons, the
martensitic phase is more aggressively attacked by the
corrosive process, leaving the eutectic carbides exposed to
abrasive impact. Austenitic irons provide better corrosion
resistance around the eutectic carbides, resulting in better
protection. In low-Cr pearlitic steels, the ferrite phase is
aggressively attacked leaving the soft MsC carbides unsup-
ported and easily fractured during abrasive wear. (After Gates
et al., 1995)
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be most severe in the low-Cr pearlitic steel, where no corro-
sion protection is offered and the ferritic phase between the
M3C carbide plates is rapidly corroded, leaving the carbide
plates exposed to abrasive attack.

Microstructural Behavior

Evenwiththecorrosion protection offered by theformation of
apassivefilminthehigh-Crirons(1.4% C, 15% Cr), thisfilm
offered few benefitssinceit wasquickly abraded away during
the wear test. Interestingly, the work by Gates et al. showed
that the martensitic phase was much more prone to corrosive
attack than the austenitic phase. This was found to have a
major influence on the combined corrosive/abrasive wear.
That is, the austenitic iron was found to perform about 100%
better than the same iron heat treated to have a dominantly
martensitic matrix. It should be noted that their corrosion/
abrasion test was quite severe, using a wet version of the
ASTM dry sand rubber wheel test, wheretheliquidwasa10%
nitric acid (HNOg) mixture.

This selected form of corrosive attack is sometimes re-
ferred to as pitting corrosion. In the case of AR irons, the
martensitic phasewill congregate aroundtheeutectic carbides
due to a number of microstructural factors. Selective corro-
siveattack of thisphaseleadsustotheconditionshowninFig.
9.8a with the M,Cj3 eutectic carbides standing unsupported
above the matrix.

Insummary, we can say that the corrosive/abrasive perfor-
manceof analloy islittleinfluenced by whether or notitforms
apassivefilm but ismoreinfluenced by standard microstruc-
tural factors such as CVF, hardness and various phase frac-
tions of austenite, martensite and pearlite. That is, in aggres-
siveabrasive environments, where AR cast ironsaretypically
used, the abrasive quickly removes any passive film that
forms on the surface of the material. Neglecting this effect
leaves us with the standard microstructural mechanisms to
explain why ferrous-based materials wear faster when sub-
jected to corrosive/abrasive environments.

The most dominant mechanism for the difference be-
tween straight abrasive wear and combined corrosive/abra-
sive wear is just accelerated corrosive wear. Since the abra-
sive process is continually creating clean, unprotected sur-
faces, the corrosion process can proceed completely unhin-
dered and, in the case of AR irons, selectively attack the
martensitic phase, leading to even further accelerated corro-
sive/abrasive wear.

Further discussion will differentiate between abrasive/
corrosive wear in rock crushing, especially ball mills, and in
handling abrasive/corrosive dlurries ... like in pumps, fit-
tings and mixers. The overal tribological system in both
groups of application is widely different with high abrasion
rates and high impact and surface pressure in crushing, and
low impact but potentially highly corrosive mediain slurry
handling.
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Measuring Wear Rates
Ball Mill Wear

Although much of the market for grinding media is now
dominated by martensitic 1% C steel, high-Cr AR cast irons
were once considered for many ball mill applications. Even
though high-Cr irons showed superior wear performance,
their cost outweighed their wear performance. Nevertheless,
laboratory and field data on their corrosive/abrasive wear
behavior in ball mills is very illuminating as to the wear
processes occurring in these environments.

Going back to the work by Norman and Loeb (1948) on
grinding media, their wear performancedataisperhapsalittle
bit more understandable. First, from a corrosion viewpoint,
noneof their materialshad any corrosionresistanceor, for that
matter, resistanceto corrosive pitting wear. Second, their AR
cast irons were limited to the low-alloy (pearlitic) and Ni-
Hard 1 types of mixed microstructures. Consequently, it does
not comeasmuch of asurprisethat martensitic steel ballswere
somewhat comparable in service life to the various AR cast
irons used in their work.

Modern laboratory work, using small-diameter ball mills,
has shown that high-Cr irons do offer some benefits. One
exampleisthe work done by Howat (1983). In hiswork, the
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ball mill had adiameter of 0.60 m (23.6in.) and was charged
with 200-250 kg (450-550 Ib) of 50 mm (2in.) balls. In this
test, ore was fed into the ball mill at different rates, with the
water feed adjusted to maintain a water/ore mixture that
contained 75% solids. Figure9.9 showsan exampleof thedata
gathered by Howat, using two different grades of ores. The
data presented in Fig. 9.9 clearly indicate that high-Cr irons
provide superior wear resistance over that of high-C drop
forged balls. However, as mentioned by Howat (1983), eco-
nomics preclude their use.

In other laboratory work aimed at simulating the ball mill
grinding process, the corrosion rate was calculated while the
samplewasabraded by an ultrasonicvibrating steel rod. Table
9.2 presents asummary of Tolley’s et a. (1984) work.

The abrasive/corrosive wear mechanism usedin Tolley’s
work wasan ultrasonic vibrating steel rod placed ontop of the
wear sample. The steel rod and sample were both immersed
into a synthetic mill solution containing a mixture of various
salts. Wear tests were then conducted while monitoring the
€l ectrochemical behavior of thewear samplewithapotentiostat.

Resultsfrom Tolley’ swork showed that high-Cr ironsdid
remarkably well. Moreinterestingisthefact that the effects of
CVF and microstructure were overridden, in favor of corro-
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Fig. 9.9. Laboratory ball mill abrasion tests using different ores essentially yield the same ranking of materials. In all
cases, the high-Cr AR cast iron has the best wear performance but was found not to be cost effective against the

high-C drop forged steel balls. (After Howat, 1983)
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Table 9.2
Simulated Ball Mill Abrasion Test Using Vibrating Steel Rod

(1) Cry, is estimated Cr content in the matrix.

(2) CVF is calculated carbide volume fraction.

Alloy HRC (HB) Compositional Data
%C %Cr  %Crpy,D
Forged Steel-A 61 (695) 0.61 0.12 0.12
Forged Steel-B 61 (695) 070 045 045
Cast Steel 64 (764) 0.79 0.23 0.23
AISI 4130 24 (247) 0.31 1.12 1.12
Ni-Hard 1 60 (674) 3.03 1.6 0.8
WCI-22% Cr 63 (740) 3.0 22 11
WCI-29% Cr 60 (674) 2.8 29 16
WCI-31% Cr 56 (595) 2.35 31 20

(3) Phase: M = martensite; P = pearlite; A = austenite; F = ferrite.

(4) mpy is mils per year (0.001 in.) of material loss on the exposed surface per year of service. In this experiment the weight
loss of the sample is measured and divided by its density, times its surface area, times the duration of the test.

(5) mV is corrosion potential in millivolts. In electrochemical terms, the more negative the potential between the sample and
the surrounding corrosive medium, the greater the corrosion rate of the sample. Basically, it reflects the amount of current
or voltage potential required to keep the sample from corroding into the surrounding liquid.

Electrochemical Data

CVF@® Phase(®) Corrosion Corrosion
Rate, mpy®) Potential, mV®
0 M 9.82 —452
0 M 8.63 —-437
0 M 8.80 —-463
0 P 4.65 —-430
22 M+A 4.42 =379
32 M 2.05 -360
35 M+A 0.335 -292
30 F 0.141 —264

sion resistance. The iron (WCI-31% Cr, in Table 9.2) that
performed the best had the lowest CVF of the high-Cr irons
and had asoft ferritic matrix. Neverthel ess, its 20% Cr matrix
content provided superior corrosion resistance and, most
likely, was able to overcome the weak abrasive mechanism
present in the test.

Ingeneral, theabrasive/corrosivetest (Table9.2) provided
several surprising results. For example, the pearlitic steel
(A1SI 4130) with ahardness of HB 247 yielded better corro-
sive/abrasionresultsthan all of theother hard steels, and came
close to that of the Ni-Hard 1 aloy. This result contradicts
other laboratory and field data that consistently rank the
harder steels as more AR under conditions of combined
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abrasion/corrosion. Moreover, ferritic steels and irons are
perhaps the worst performers with regard to abrasive wear.
These findings leads one to reevaluate the abrasive mecha-
nism present in the ultrasonic test. In brief, the abrasive
mechanisminthistest was, most likely, causing severeplastic
deformation over alocalized region. Materialsthat exhibited
moreductility (pearlitic steel sandferriticirons) fared betterin
ultrasonic tests than those materials that would tend to chip
and spall (martensitic steelsand irons). Thisisnot character-
istic of most abrasive processes or abrasion tests.

Althoughtheir corrosion/abrasi onresultsare suspect, from
a corrosion viewpoint, Tolley’s et al. (1984) work provides
some good data. Figure 9.10 shows two potentiodynamic
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Fig. 9.10. Potentiodynamic scans of two white cast irons given in Table 9.4. The figures reflect the corrosion behavior of the two
irons. The formation of a passive film is indicated by the much lower current densities and the much lower potential required to

passivate the material.
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scans on the WCI-22% Cr and WCI-29% Cr irons. Their
results show that the 22% Cr (matrix Cr content ~11%) iron
haslittlecorrosionresistancewhilethe29% Criron (matrix Cr
content ~14%) has stainless qualities. Other work by Pearce
et al. (1989), using avariety of AR cast irons, confirms these
results.

The preceding discussion would tend to negate the impor-
tance of corrosion resistance in the wear behavior of grinding
media (balls); corrosive wear is often considered to only
account for 1-5% of thetotal wear. Thisleads one to wonder
why wear rates in wet grinding are sometimes 8-10 times
greater than dry grinding. Basicaly, we are back to the
synergistic relationship between corrosion and abrasion dur-
ing corrosive/abrasive wear.

An example of this synergistic behavior is shown in Fig.
9.11, where a sequence of alloys was subjected to laboratory
ball milling in ahighly acidic mixture of phosphate rock and
phosphoric acid. Right from the start, one will notice that the
corrosion-resistant alloys perform far better than more tradi-
tional AR aloys. Infact, the AR cast irons perform the worst
of all thematerialsstudied. In very simpleterms, the abrasive
component in their small diameter ball mill (60 cm (24 in.))
was extremely weak, while the corrosive component was
extremely harsh.

Lookingat justthestatic corrosionratesshowninFig. 9.11
it is possible to draw a pretty good conclusion that the
corrosive/abrasive process in their laboratory grinding mill
was dominated by the corrosive component. This piece of
laboratory data provides good evidence that, if the abrasive
process fails to remove the protective passive film, then
corrosion protection will play a significant role in the wear
behavior of the material.

The better performance of the commercial ball material
over that of the high-Cr materia (2.5% C, 13% Cr) can be
explained by pitting corrosive wear around the eutectic car-
bides, leading to agreater corrosive/abrasive wear rate. Nev-
ertheless, the data presented in this laboratory work empha-
sizesthesynergisticnatureof corrosive/abrasivewear, whether
dominated by abrasion (Howat, 1983) or dominated by corro-
sion (Singleton and Blickensderfer, 1985). In practice, it is
believed that ball mill wear is much more influenced by
abrasive factors than corrosive factors.

Thissituation wasdiscussed by Dodd and Dunn (1983) for
ball milling and for other crushing operations by Desestret et
al. (1994). They attribute the discrepancies between the
resultsinlab scal etesting and full size production millsby the
effect of the high impact in the latter and other mechanisms
associated with the presence of water. Water can significantly
reduce strength and ductility. Tensile tests with many high-
strength cast irons and steels, in water or with wet specimens,
are known to result in lower values for strength and elonga-
tion, and fatigue strength is significantly lower. Water and
surface-active agents tend to facilitate crack initiation and
propagati on that woul d facilitate detachment of wear particles
from the surface. Dodd and Dunn (1983) discussed also that
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water entrapped between impacting balls could haveacavita-
tion effect. Finally, there is the possibility that water will
removeaprotectivelayer of wear debrisand crushed minerals
from the surface.

Slurry Wear

Slurry wear is of particular importance to many AR cast iron
pump manufacturers and users. One laboratory test that has
gained favor in predicting the slurry wear performance of
variousalloysistheslurry pot or wear cell test discussedinthe
prior section and shown in Fig. 9.5. An advantage of thistest
isthat either |aboratory or industrial slurriescanbefedintothe
dlurry pot. Samples and test standards are arrayed around the
perimeter, allowing for multiple alloys to be investigated
during one test. An example of laboratory and field datais
presented in Table 9.3.

The wear rates presented in Table 9.3 are a bit confusing,
at first glance. In the laboratory tests, the slurry consists of a
dilutesolution of sand and water (2wt.% solids), whileinfield
trials, theindustrial durrieswerein the range of 20 wt.%. To
correlate the two data sets, the wear rate was based on a unit
of abrasive solids pushed through the slurry pot. This proce-
dureallowsoneto directly comparethewear rate of materials
under neutral conditions(sand and tap water) with thoseunder
industrial conditions.

An experimental variable that has strong influence on the
wear rateistheimpeller speed of the slurry pot. At low speed
and under laboratory conditions, polymersare by far the best
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Fig. 9.11. Corrosive/abrasive laboratory wear data using a 60
cm (24 in.) dia grinding mill. A mixture of phosphate rock and
phosphoric acid waste water (combined pH between 1.6 and
3.0) was used in the grinding tests. The AR cast irons were the
worst performers. (After Singleton and Blickensderfer, 1985).
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(Measuring Wear Rates, continued)

candidates to combat slurry wear. However, this finding is
quickly thrown into doubt as the velocity of the slurry in-
creases or the abrasiveness of the dlurry increases. This
finding correlates well with empirical data offered by ex-
pertsinthefield. Overall, regardless of slurry speed or slurry
type, the data presented in Table 9.3 shows that the best
alloy for durry wear isthe high-Cr AR cast iron 20-2-1 WCI
in Table 9.4,

Tofocusonthisfinding to alittle greater extent, Table 9.4
presents the microstructural data along with the slurry wear
datafor asubset of materialspresentedin Table9.3. Onepiece

of datathat jumpsout isthat noneof the AR cast irons studied
in this work are corrosion resistant. That is, al have a Cr
content of lessthan 12% Cr intheir matrices. Consequently we
are looking at the corrosion/abrasion wear performance of
noncorrosion-resistant ironsin thisstudy. What ismost inter-
esting isthat, even without corrosion protection, the AR irons
outperform all other materials due to the severity of the
abrasive environment. Thisfinding is more clearly shown by
comparing the slurry wear rates of the 316 stainless steel and
that for the much softer aluminum aloy.

Another way to view the datain Table 9.4 isby thinking of
it as straight abrasive wear. For example, good abrasion

Table 9.3
Slurry Wear Rates in % Material Lost per 100 kg (225 Ib) of Abrasive Solid@
Alloy HB Laboratory( Asamera Float Cell®) Shiny Rock®
8 m/s®) 12 m/s 8 m/s 12 m/s 12 m/s

20-2-1 WCI 682 2.4 19.5 0.1 0.8 35
18-1 WCI

Austenitic 508 3.9 18.1 0.1 0.4 n.a.®

Martensitic 745 3.3 22.0 0.2 0.8 n.a.

Ni-Hard 4 582 3.3 25.3 0.1 1.0 5.0

Ni-Hard 1 653 8.0 35.4 0.2 1.3 n.a.

Pearlitic Iron 440 12.9 70.9 2.0 3.3 10.9

Nodular Iron 285 35.8 172 25 7.2 n.a.

Martensitic

Steel-A 476 22.6 105 15 4.4 n.a.
Steel-B 534 18.0 92.6 0.8 2.8 10.7

Experiment Steel 461 30.2 139 0.7 3.2 n.a.

AlSI 1095 444 15.9 69.3 1.9 2.6 9.9

AlSI 52100 670 10.8 21.8 1.2 2.4 7.4

ASTM A514 269 43.7+7.30) 217 +£11.7 1.9+0.3 54+1.4 15.8£0.7

316 SS 140 39.1 180 0.7 2.8 13.9

Mn-N SS 229 37.7 202 0.4 2.8 n.a.

6061-T651 Al 0.92 193 810 14 18.1 83.3

HDPE <0.1 <0.1 26.0 6.5 0.6+0.1 13.1+12.6 20.7

UHMWPE <0.1 <0.1 <0.1 <0.1 8.6 +8.5 6.5

CPVC <0.1 42.7 170 £50 3.4+0.8 31.2+16.2 118

(1) After Madsen (1989).

(2) Slurry of 2 wt% of 212-300 um (=50 to +70 mesh) AFS test sand particles and tap water.

(3) Asamera slurry was drawn from a float cell and contained 18-23 wt% solids and had a pH in the 9.0-9.7 range. Particle
sizes ranged from 45 um (325 mesh) to 300 um (50 mesh). The rougher float cell is located at the Asamera Minerals,
Wenatchee, WA gold mine.

(4) Shiny Rock slurry was taken from the rougher flotation cell used in a grinding/floatation mill for gold extraction. The slurry
contained 19-25 wt% solids and had a pH in the 7.36-7.8 range. Particle sizes ranged from 45 um (325 mesh) to 300
um (50 mesh). The main mineral type was quartz and FeMg silicates.

(5) Slurry velocities are reported in meters per second.

(6) n.a., not analyzed

(7) Multiple samples were run in several tests under these conditions.
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Table 9.4

Microstructural Data and Slurry Wear Rates

for Selected Materials

Asamera
Alloy HB CVF® %Cr@ Laboratory Float Cell
12 m/s@ 12 m/s
20-2-1 WCI 682 28 11 195 0.8
18-1 WCI
Austenitic 508 35 9 18.1 0.4
Martensitic 745 35 9 22.0 0.8
Ni-Hard 4 582 35 3 253 1.0
Ni-Hard 1 653 25 1 35.4 1.3
Martensitic
Steel-A 476 0 0.98 105 4.4
AISI 52100 670 0 1.39 21.8 24
ASTM A514 269 0 0.5 217 +11.7 5.4+14
316 SS 140 0 17.2 180 2.8
6061-T651 Al 0.92 0 0 810 18.1
HDPE <0.1 0 0 26.0+6.5 13.1+12.6
UHMWPE <0.1 0 0 <0.1 8.6 £8.5
CPVC <0.1 0 0 17050 31.2+16.2
(1) CVF-Carbide volume fraction based on the alloys’ C and Cr
contents.
(2) Estimated Cr content of the matrix.
(3) Meters per second.

resistanceisawaysofferedwhenhard M;Cz carbidesareused
at near-eutectic CVFs(i.e., 35%). Thiscriterionismet by both
the austenitic and martensitic 18-1 white cast irons given in
Table 9.4, and both irons provide extremely good corrosive/
abrasivewear. Of thesetwo irons, the austeniticiron provides
better corrosive/abrasive wear in the laboratory and signifi-
cantly better wear inthefield. Thislast result can beexplained
fromamicrostructural perspectiveor acorrosion perspective.
For example, in many abrasion tests, austenitic matrices
demonstrate better abrasion resistance since the austenitic
matrix providesbetter toughnessand will locally transformto
hard martensite in response to the abrasive action. If this
mechanism is not coming into play then one can rely on the
austenitic matrix’s resistance to corrosive pitting wear. In
either case, high-Cr irons containing near-eutectic CVFs
within austenitic matrices seem to provide the best possible
resistance to corrosive/abrasive wear.

Interestingly enough, theworst performing AR castironis
theNi-Hard 1. Once again, if wefocus on microstructure and
abrasivewear principal s(inthiscaseitslow CVFanditssofter
M3C carbide type), itslow wear rate is not as surprising as it

may appear.
Since AR steels are commonly used in corrosive/abrasive
wear environments, it is worthwhile to review the data pre-

sentedin Table 9.4 onthese alloys. Their wear rates correlate
almost linearly with their hardness; i.e., the higher the hard-

Corrosive/Abrasive Wear Performance

ness the lower the wear rate. Nevertheless, AR stedl’s wear
performance in this durry test is no match for any of the AR
cast irons.

The absence of a strong corrosion/abrasion link in the
dlurry testisindicativeof theaggressivenessof many mineral-
laden dlurries. If the protective passive filmis being continu-
ously removed by the abrasive particle, then it offerslittlein
the form of corrosive/abrasive wear protection.

If one looks a some of the industrial literature on the
corrosion/abrasion behavior of pump materials based on a
microstructural focus, some of the results are more easily
explainable. Figure 9.12 shows an example of some data
collected in alaboratory wear test using two industrial slur-
ries. In al cases, if we place emphasis on just the alloys
microstructureanditscorresponding abrasivewear character-
istics, the results are predictable. For example, the best wear
performanceisshown for alloyscontaining over 35% CV F of
hard M,C3 carbides (alloys with 25% Cr and 3% C) and
having matrices that are dominantly austenitic (as-cast al-

loys).

R 1L ]

L 1 H

(9.12a) gypsum/phosphate slurry

g -

(9.12b) sand/brine and copper ore slurry

Fig. 9.12. Relative wear rate due to corrosion/abrasive wear in
two industrially based slurries. The best wear performance is
always from an iron having the highest CVF and the most
austenitic matrix. (After Elwell and Higginson, 1988)
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(Measuring Wear Rates, continued)

The situation changesif the pH of the slurry changesfrom
about neutral to the acidic range. This effect isillustrated by
the results of slurry abrasion tests performed in an impeller
tester (which is similar to the wear pot) in Fig. 9.13.

The impeller tester consists of a polyethylene container,
squarein crosssection, holding aslurry. Theslurry ismade of
20kg quartz sand of uniform grain size (5070 AFSsilicatest
sand), 30 kg deionized water, and chemicals to maintain the
durry at a desired pH level. The stainless steel impeller
consistsof ashaft clampedinthechuck of adrill pressandfour
equally spaced arms that carry abrasion test specimens se-
cured in Teflon frames. The specimens have dimensions of
6.35x25.4x 57.5 mm (0.25x1.0x 2.25in.).

Thearmsof theimpeller rotate through the lurry, withthe
specimens attached, at a speed of 260 rpm, which represents
an equivalent linear speed of 15 ft/sec (4.5 m/sec). The test
continues for 300,000 revolutions (about 20 hours). The
weight loss is determined as the difference of the specimen
weight before and after the test. The chemical composition,
the condition and the hardness are given in Table 9.5.

A pH changefrom neutral to basic, and especially to below
6, brings about a dramatic increase in wear loss.

As expected, the Ni-Hards and the tool steel suffer the
highest wear and show a steep increase of wear at lower pH.
The effect of the acidity on the high-Cr irons is less pro-
nounced, except for the as-cast 20Cr irons. A ranking accord-
ing to Cr content is not apparent. The heat-treated 20Cr-LC
alloy, whichwaspoor intheas-cast condition, comesout best.
Obvioudly, there is an interaction between matrix structure,
abrasion resistance and corrosion resistance.

These results, however, demonstrate the difficulty for a
designer to select the best alloy for pumps and fittings
operating in slurries with pH values below 7. Often, a
decision hasto be made between an abrasion resistant white
castironandastainlesssteel. Anindication of what toexpect
provides the results of awear pot tests. Table 9.6 contains
comparative tests results on several white cast irons and
stainless steels in mixtures of sand-water, sand plus dilute
sulfuric acid, and dilute sulfuric acid aone.

o
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Fig. 9.13. Influence of the pH value on wear loss of various
white cast irons and a tool steel in the impeller test (similar to
the wear pot) with water, quartz and pH-stabilizers. The
chemical composition, the condition and the hardness of the
specimens are given in Table 9.5. (After Borik, 1976)

Table 9.5.
Compositions and Conditions of Materials Used in Impeller Tester(®)
Hardness

Designation %C %Mn %Si %Cr %Ni %Mo %Cu Condition HRC
A Ni-Hard 1, Heat 1 3.47 0.70 0.45 3.20 3.97 as-cast 57
B  Ni-Hard 1, Heat 2 3.55 0.94 0.41 3.42 3.46 as-cast 60
C M2 Tool Steel® 0.85 4.00 5.00 hardened 64
D 20Cr-2Mo-1Cu, HC ~ 2.47 0.67 0.40 21.0 1.86 1.18 as-cast 58
E  20Cr-2Mo-1Cu, LC 2.12 0.67 0.40 21.0 1.86 1.18 as-cast 62.5
F  20Cr-2Mo-1Cu, HC  2.47 0.67 0.40 21.0 1.86 1.18 heat-treated 62.6
G 28Cr-1Mo, LC 2.18 0.6 0.44 27.4 0.13 1.0 as-cast 52.8
H  28Cr-1Mo, HC 2.64 0.63 0.20 28.0 0.94 heat-treated 56
J 28Cr-1Mo, LC 2.18 0.6 0.44 27.4 0.13 1.0 heat-treated 61
K  28Cr-1Mo, HC 2.64 0.63 0.20 28.0 0.94 as-cast 525

20Cr-2Mo-ICu, LC 2.12 0.67 0.40 21.0 1.86 1.18 heat-treated 59
(1) After Borik (1976).
(2) Contains also 2% V and 6.2% W.
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The corrosion-abrasion test essentially consisted of first
rotating asamplein aslurry of 1% sulfuric acid + sandin an
800 ml beaker with a drill press and then determining the
sample’ sweight loss. The test materials were machined into
47.6 mm (1-7/8in.) diameter x 3.2 mm (1/8 in.) thick speci-
mens having 8.33 mm (2-1/64 in.) diameter holes at their
centers. Theflat surfaces were finished by grinding on adry
180-grit belt sander.

Onespecimen at atimewasfastened to athreaded stainless
sted shaft, insulated from the shaft with a polyethylene
washer and fastened with two polyvinyl chloride nuts, the
lower nut being closed at one end. The shaft itself was
protected from the test medium with an organic coating. The
drill press motor operating at 236 rpm rotated the specimen
with a peripheral velocity of 5.88 m/s (99.3 fps). Air was
bubbled into the slurry through agas dispersion tube at arate
of 100 ml/min. White, 50-mesh sea sand was used as the
abrasive. Thedurry consisted of 300 g of sand plus 300 ml of
1% sulfuric acid.

The specimenswererotated in the slurry for two-hour test
periods, with fresh abrasive and acid being used in each test
period. The specimens were tested for five consecutive two-
hour test periods and were washed, scrubbed, dried, and
accurately weighed after each period. Temperature and pH of
theslurry were determined beforeand immediately after each
test period. No provision wasmadeto control thetemperature
of the durry. However, the initia temperatures of the test
media were 22C, and increased to about 25C at the end of a
two-hour test period.

Inthe presence of acid, stainless steel isobvioudly the best
choice, while in neutral slurry the heat-treated high-Cr-Mo
iron givesthe expected superior wear resistance. Surprisingis
the extremely poor performance of the as-cast pearlitic high-
Crironin acidic conditions.

Table 9.6.
Results of Wear Tests in Aerated 50% Silica Sand/50% Water
Mixture and in Dilute Sulfuric Acid®

Sand + 1%
Hardness water + Sand + sulfuric
Alloy HRC 1% sulf. acid  water acid
—Weight Loss in mg/(dm2 h)—
15Cr-3Mo-3C,
as cast 50 1679 8,9 888
15Cr-3Mo-3C,
heat treated 60 840 49 589
2Cr-4Ni-2.6C
(Ni-Hard 2) 52 778 6,7 712
Chilled iron
2.9C-1Cr 45 774 22 596
CF-8 — 125 112 0
CF-8M — 169 171 0
(1) Climax (1963).

Bess (1977) tested a series of white irons and stainless
steels in an aumina-water slurry with additions of sulfuric
acid or natriumchloride. Accordingto Table9.7,an ASTM A
532 Class Il Type A iron with 25Cr-3.0C and Ni-Hard 4
perform best inthedlurry without acid. Ni-Hard 4 seemsto be
sensitiveto chlorides. All HC whiteironsfail at pH 2.5, while
an LC 28Cr-2Ni iron is still reasonably resistant. Stainless
steelsare not wear resistant in abrasive neutral slurries. With
decreasing pH, their weight lossincreasesbut not to theextent
as for the white irons. In any case, wear loss is much higher
under abrasive-corrosive conditions than in a neutral slurry.

The discharge water from FGD scrubbers of coal-fired
power stationsisfairly abrasiveand corrosive. Whilethemain
solid component is gypsum, limestone and fly ash introduce
guartz and other hard minerals that cause a significant wear
problem (Tischner, 1988). At the same time, the solutions
contain high chloride levels and their pH ranges from 5 to
below 2. Atlow pH only stainlesssteels, usually dupl ex steels,
are suitable, but white cast irons can be used at the upper end
of thepH range. Giinther et al. (1988) investigated several cast
alloysinan FGD plant as scrubber pump components and as
achoke ring in the discharge pipe. The pH was 4-5 and the
temperature around 45C. The results in Table 9.8 show that
an LC-high-Cr iron givesthe best overall performanceandis
superior to various stainless steels. A much harder HC-high-
Cr iron, however, is completely unsuitable due to its low
matrix Cr.

Service Performancein Slurries

In abrasive neutral slurrieswith pH around or above 7, white
cast irons of high hardness and high CVF are the best choice.
This has been proven in pumps for ore mines and similar
applications in industrial scale tests (Parks, 1977, Madsen,
1989, KSB, 1994). Dredge pump casingsandimpellerscast of
variouswhiteironsranging from Ni-Hard 1 to high-Cr irons,
like ASTM A 532 Class |l Type A, have given excellent
servicein fresh water and in seawater, without any corrosion
problems. Abrasion is obviously the dominant wear mecha-
nism. Similar experiences are reported from iron and various
copper and phosphate mines, aswell asfrom bauxite process-

Table 9.7.
Results of Slurry Abrasion Testing of Two White Irons,
Two Austenitic and a Duplex Stainless Steel
in a Slurry With 20% Alumina®@

pH of Alloy (Weight Loss in mm/a)

Slurry Ni-Hard 4 HC25@ LC28®3 CF8M CN7M CD 4MCu
11 0.20 0.190 0.287 1.956 2.346 1.700

7 0.24 0.234 0.306 1.757 1.656 1.661
7+25%NaCl 0.47 0.196 0.361 2.144 3.114 1.840
25 124.0 95.844 1.905 4.038 5.250 3.830
0.5 173.9 155.120 49.453 3.493 4506 3.012
(1) After Bess (1977).

(2) HC 250: ASTM A 532 Class Il Type A iron with 25% Cr-3.0% C.

(3) LC 28: 1.6% C, 28% Cr, 2% Mo, 2% Ni, 1% Cu.

Corrosive/Abrasive Wear Performance
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(Measuring Wear Rates, continued)

Table 9.8.
Results of Tests With Pump Components and Choke Rings
in Flow Pipe in FDG Installation of Coal Fired Power Station
Made of Various Cast Irons and Steels®@

Wear in % of Initial Weight
After 1000 Hours
Hardness Test Ring
HV Impeller Lining (Choke)

HC-High-Cr iron,
4.5C-30Cr-1Mo 700 2.6 — —
LC-High-Cr iron,
1.5C-28Cr-3Mo-3Cu-N 500 0.7 2.3 1.3
High-C duplex SS
0.5C-25Cr-5Ni-3Mo 300 — — 1.3
Duplex stainless steel
CD-4MCuN 3400 1.2 5.3 3.6
Duplex stainless steel
CD-4MCuN 250 1.1 5.6 3.6
CF-10M 200 — — 3.7
Unalloyed steel, 0.45C 200 — — 68
(1) After Glinther et al. (1986).
(2) Precipitation hardened.

ing (Day, 1982, Holdschick, 1986, KSB, 1988). With decreas-
ing pH and increasing chloridelevels, ahigher Cr content and
ahigher Cr:C ratio become beneficial.

According to Tischner (1988), white cast iron gradeswith
up to 15% Cr can be used in FDG applicationsat pH of 7 and
above. If abrasionislow, chloride content must be very low.
Grades with above 20% Cr and low carbon content can be
employed until apH of about 4 and are less sensitive against
chlorides. At pH between 4, and 3, high-Cr irons can be used
insomecases, provided temperaturesand chloridesarenot too
high. Wear ratesarefairly high but still lower than for duplex
stainless steels.
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Chapter 10
Applications

This chapter isapictorial guide through the myriad of appli-
cationsinwhichabrasionresistant castironshavefoundwide-
ranging commercial utility. Theemphasisof thischapter isto
show thebroad rangeof applicationsfor thesespecial -purpose
ironsand not to provide an endorsement of aspecificalloy for
a specific application. Please view this chapter asa“work in
progress.” Itishoped that, in the second edition, these appli-
cation examples can be expanded upon.

Choosing the Proper AR Cast Iron

Selection and application of AR white cast ironsare based on
three considerations: (1) cost, (2) performanceand (3) consis-
tency/reliability, whereall termsare used in thewidest sense.

Cost—Cost is not only the price of the casting plus transport
and stocking. Itisalsothe cost of replacing worn partsand the
associated downtime with eventual loss of production. These
costs may be significantly higher than the cost of the part
itself, so that the use of an expensive but long-living material
isjustified. Considerable efforts are made to facilitate chang-
ingwear partsand, thus, reducelabor and downtimeexpenses.

Performance—Performance means not only abrasion resis-
tancebut useful life. Inmany cases, wear partsarenot replaced
when worn, they are only replaced during a scheduled main-
tenance and repair program of the whole equipment or plant.
A typical exampleshowing both extremesareball mills. Wear
of grinding ballscan beeasily compensated for by adding new
ballsduring normal operation; however, replacingwornliners
is a mgjor operation to be undertaken in a planned mainte-
nance and plant shutdown period. In aplant that is shut down
every weekend for maintenance and repairs, a wear part
should last oneweek. Animprovement of abrasionresistance
tomakeitlast oneday longer isuseless, but if the casting lasts
only fivedays, animprovement of itswear life by oneday will
be amajor achievement.

Consistency/Reliability—Consistency and reliability are ma-
jor considerations. Accelerated wear or sudden failure by
breakage can, at best, bring about unplanned downtime and
loss of production. At worst, it can damage the equipment or
evenresultinfatal accidents. Thefear of breakageisoftenthe
decisive argument for preferring steel over AR cast irons.

Based ontheseconsiderations, usersand suppliershavethe
choice between five large groups of white irons:

. Pearlitic white or chilled cast irons

ASTM Class| Types A and B (Ni-Hard 1 and 2)

ASTM Class| Type D (Ni-Hard 4)

. ASTM Class Il Types A-D and Ill Type A (high-Cr
and high-CrMo cast irons)

5. High-Cr, low-C grades, resistant to abrasion and corro-

sion.

DN P

Discussion of Applications

Pearlitic white or chilled AR cast iron does not possess any
outstanding properties and isinferior to the other martensitic
grades, both in abrasion resistance and toughness. Its only
advantage is low cost. For this reason, it is till used in
applications involving modest abrasion, and in no- or low-
impact applications, like small liners or paddlesin mixers,
chutes for fine-grained abrasive material and containers. A
significant quantity is also produced as small grinding me-
dia, used, e.g., to produce silicadust (Fig. 10.1).

More often, the possibility to produce bimetallic castings
(consisting of achilled wear side and agray iron backing) is
considered. The gray iron provides a good backing against
fracture and allows low-cost machining of the part. Typical
examples are hammers for brown coal (lignite) crushers,
where the head is cast in achill mold and the shaft solidifies
as gray iron in a sand mold (Fig. 10.2). In the case of the
hammers, any other type of casting hasturned out to be either
more prone to breakage or less economical.

One of the moreimportant applications of such bimetallic
castings are rolls for paper making egquipment, which are
heated from the inside (Fig. 10.3).

Fig. 10.1. Small grinding media made of chilled white iron.
(Courtesy of ZGV)
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Fig. 10.2. Hammers for brown coal crushers, with white cast
iron head cast in a chill mold and gray iron shaft cast in a sand
mold. (Courtesy of ZGV)

Fig. 10.3. Chilled iron roll for papermaking equipment that is
heated from the inside; 65 ton, 1425 mm dia total length 12,300
mm. (Courtesy of ZGV)

Fig. 10.4. Two-inlet, two-outlet camshafts for BMW 740d 8V
cylinder twin-turbo diesel engine, cast hollow in order to
reduce weight and save machining costs. The cams are
chilled. (Courtesy of BMW)
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Chilled iron components are extensively used for applica-
tions involving metal-to-metal wear, like camshafts (Fig.
10.4), followers and tappets in the valve train of internal
combustion engines and for some types of metal working
rolls.

Martensitic whiteirons ASTM Class |A and IB (Ni-Hard
1 and 2) have good abrasion resistance, but their resistance
against fractureisnot very high. Their advantagesarethat they
do not require a high-temperature heat treatment and can be
put directly into service either as-cast or after a stress-relief
heat treatment. Another competitiveadvantage of thesealloys
is their low aloy cost (although this benefit is somewhat
negated when the price of Ni is high). Due to their softer
carbides (M3C), their abrasion resistance is usually inferior
compared to high-Cr irons (M;Cs carbides), provided the
latter are correctly heat treated. The Ni-Hards have found
extensive applicationsfor awide variety of components of all
sizes subjected to low or medium dynamic stresses, including
crusher parts. Typical examples of a mixing wheel, con-
cretemixingblade, grinder component, nozzlesand r oad-
paving auger are shown in Figs. 10.5 through 10.9. Similar
complex components can be made from high-Cr irons, as
shown in Figs. 10.10 and 10.11.

Fig 10.5a. A variety of Ni-Hard 1 (ASTM IA) castings used in
aggregate processing, concrete pipemaking, placement and
mixing applications. The center mixing wheel is 38.1 cm (15
in.) in dia and weighs about 22 kg (50 Ib). (Courtesy of Texaloy
Foundry Co.)

Fig. 10.5b. Ni-Hard 1 (ASTM IA) mixer blade used in concrete
mixer (shown on foundry alignment jig). Casting weighs about
191 kg (430 Ib). (Courtesy of Texaloy Foundry Co.)
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Fig 10.6. Ni-Hard 1 (ASTM IA) grinder component. The
approximate weight of the casting is 18 kg (40 Ib). (Courtesy of
Weatherly Casting and Machine Co.)

Fig 10.7. Ni-Hard 1 (ASTM IA) nozzles. The approximate weight

of one casting is 80 kg (180 Ib). (Courtesy of Weatherly Casting
and Machine Co.)

g &
Fig. 10.8. Mixer with blades and lining of Ni-Hard 1 (ASTM IA).
(Courtesy of BHS)

Applications

Ni-Hards1and 2 areal so suitablefor bimetallic castingsor
componentscast withinserts, since heat treatment i sunneces-
sary. That is, differencesin coefficients of thermal expansion
between the different materials and transformation-induced
stresses will often cause cracking around cast-in inserts.
Figure 10.12 shows an example of asteel insert that can be
cast into an AR cast iron.

Another example of Ni-Hard 1 and Ni-Hard 2 usage isin
the pump industry. Many smaller pump parts subjected to
severe abrasion are cast in Ni-Hard 1 and Ni-Hard 2. An

Fig. 10.9. High-alloy CrNi (ASTM ID, Ni-Hard 4) AR auger for
road pavers. Weight of mixer blade is 6 kg (13 Ib). (Courtesy of
Vautid)

Fig 10.10. High-Cr (ASTM IlID) AR cast iron mixer blade for
concrete mixing. Weight is 11.5 kg (25 Ib). (Courtesy of Vautid)

n—8

Fig 10.11. High-Cr (ASTM IlIA) miscellaneous wear parts.
(Courtesy of Eagle Foundry)
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exampleof suchapumpisshowninFig. 10.13. SinceNi-Hard
lisrather easy to cast and needs no heat treatment (involving
arisk of distortion), fairly complex partscan bemade, suchas
the medium distributor shownin Fig. 10.14.

Modern CBN or CBN-containing tool materials allow
machining of martensiticwhiteirons, eliminatingtheneedfor
soft annealing. Figure 10.15 showsaNi-Hard 1 slurry pump
housing during machining. Thesetoolshave, infact, widened
the application range of Ni-Hard irons.

Fig. 10.12. Conventional steel nut as insert in a Ni-Hard 1
(ASTM IA) casting to be used to fasten liners in a shot-peening
chamber. (Courtesy of ZGV)

Fig. 10.13. Pump for solids-bearing wastewater with Ni-Hard 1
(ASTM IA) impeller and housing. (Courtesy of DIA-Pumpen)

Fig. 10.15. Machining of Ni-Hard 1 (ASTM IA) slurry pump
housing with CBN tooling. (Courtesy of DeBeers)

; ;- . Fig 10.16. Modified Ni-Hard 1 (ASTM IA) mini-mill rolls for the

structural steel industry. The roll is statically chill cast. The
Fig. 10.14. Heavy medium distributor for the mining industry alloy has been modified to form a mixed microstructure of
of Ni-Hard 1 (ASTM IA). Total weight 2200 kg (4851 Ib). hard MsC carbides and spheroidal graphite. (Courtesy of
(Courtesy NiDI) United Foundries)
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A significant quantity of Ni-Hard-type irons is used for
rolling steel and other metals (Fig. 10.16). Theinterdendritic
graphite-containing grade is called indefinite-chill. High-
hardness versions of such rolls of are till of importance in
continuoushot-strip mills, evenif asignificant part hasbeen
substituted by high-Cr iron rolls. These rolls are usualy
produced as bimetallic castings by various methods, with a
core of gray or ductileiron or steel. An example of bimetallic
high-Cr rollsisshownin Fig. 10.17.

A large market for martensitic AR ironsisrotary grinding
mills, wherethey areused asgrinding mediaand liners. Ni-

Fig 10.17. High-Cr (ASTM IIB) duplex rolls for hot strip mill
applications. The rolls were manufactured by centrifugally
casting the high-Cr shell material and then statically casting
the body and necks using a gray or nodule iron alloy. The
castings shown in the photograph have been heat treated to a
shell hardness of around 650 HB and then machined.
(Courtesy of United Foundries)

Fig. 10.18. Installation of Ni-Hard 1 (ASTM IA) liner plates in a
ball mill. (Courtesy of NiDI)

Applications

Hards1and 2linerscan beusedfor low- and medium-impact
ball mills, as shown in Fig. 10.18. Liners for high-impact
millsareusually cast fromhigh-Crirons, ASTM Classl| and
Il (Fig. 10.19). High-Cr irons with an optimized balance of
heat treatment and chemical composition are also often
preferred, duetotheir longer servicelife. Grindingballsare
made of either high-Cr ironsor steel. Wet grinding involves
considerably higher wear losses than dry grinding. Only a
small part of thislossis due to corrosion, however. There-
fore, the use of a more corrosion-resistant material, like a
high-Cr iron with higher Cr content, israrely justified. As
discussedin Chapters8and 9 on Abrasionand Corrosion, the
main wear factors are straightforward abrasion resistance
and hardness.

Linersand grinding balls of cement mills suffer high
impact over along period of time because cement clinker is
not very abrasive. For thisreason, low-C, high-Cr and high-
CrMoirons, accordingto ASTM Classl| TypesA andB are
used. They are then heat treated to obtain a low retained
austenite content and, hence, ahigh resistance to repetitive-
impact. An example of such an application isshownin Fig.
10.20.

Fig. 10.19. Lifter bars forming part of the lining of an auto-
geneous mill, cast of CrMo irons (ASTM IID). (Courtesy of
IMOA)

L il

Fig. 10.20. The inside of a ball mill for grinding cement clinker,
containing low-C high-CrMo (ASTM IIA) iron balls and liner
plates. (Courtesy of IMOA)
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Roller crushersof various designs are used to grind coal
in power stations, cement plants, etc. They are also used to
grind limestone, cement, phosphate rock and other soft and
medium-hard minerals. They consist of oneor several rollers
and grindingtables(Fig. 10.21). Thecastingsarerather large
and may weigh several tons. With some exceptions, rollsand
tables can be madefrom ASTM Class|, Il and 111 (Ni-Hard 1
or 2, Ni-Hard 4, or high-Cr and high-CrMo irons). The latter
havethehighest potential abrasionresi stance, provided chemi-
cal composition and heat treatment are well balanced and
optimized for the section and the specific application.

Fig 10.24. High-Cr (ASTM IID) coal-crushing replacement
rollers. The inside bearing races have been machined and are
ready for field installation. (Courtesy of Firth Rixson Castings)

Fig. 10.21. The inside of alarge Loesche roller crusher used

for grinding and drying coal, showing rolls and grinding table.
Rolls and grinding table are cast from Ni-Hard 4 (ASTM ID) or

high-Cr (ASTM IIB or D) cast irons. (Courtesy of Loesche)

Fig 10.25. High-Cr (ASTM IID) coal-crushing wear parts shown
as a completely matched set. (Courtesy of Firth Rixson
Castings)

Fig 10.22. High-Cr (ASTM IlIA) tire and wear track segment for
coal pulverizing. (Courtesy of Columbia Steel Castings)

Fig 10.23. High-Cr (ASTM IlIA) wear track segment for coal = -
crushing. The casting weighs approximately 444 kg (1000 Ib). Fig 10.26. High-Cr (ASTM IlID) coal-pulverizer ring. (Courtesy
(Courtesy of Columbia Steel Castings) of Georgia Iron Works)
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Ni-Hard 4 hasthe advantage of the simpler heat treatment
of slow cooling in afurnace from 830C, which isless expen-
sive and less prone to human errors. Also, the slow cool is
supposed to produce lower internal stresses. For these rea-
sons, especialy in Europe, Ni-Hard 4 is often preferred.
Nevertheless, service reports are sometimes contradictory
about the performance of Ni-Hard 4. Ni-Hards 1 and 2 irons
arelessabrasionresistant, but thiswear performancefactor is
compensated for by using aless-expensivealloy and eliminat-
ingthehigh-temperatureheat treatment. Figures 10.22through
10.27 show examples of roller and table castingsfor several
types of crushers.

Worn rolls can berepaired by hardfacing. Thisis possible
because the weld deposit contains many small cracksthat do
not grow into the white iron base material of the roll.
Har dfacing can bedoneeither in aspecia shop after disman-
tling themill or in situin the power plant if downtimeisto be
minimized. In the last few years, even new rolls for power
stationsare hardfaced, asshownin Fig. 10.28. Thisisdoneto
extend their life and reduce downtime. The white iron base
prevents accel erated wear that would occur if the hardfacing
layer on a soft base (like steel or ductileiron) isworn. With a
whiteiron basg, it is possible to run the crusher until the next
planned plant shutdown to change the rolls. Many other
crusher parts are made of high-Cr cast irons or Ni-Hard 4
(Fig. 10.29).

Hammer sfor hammer crushers and especially impact or
blow bars in impact crushers for hard rock crushing are
usually cast from high-Cr castiron gradesASTM Classl| and
[1l. High-Cr cast irons give the required combination of
sufficient resistance to breakage under repeated and single
heavy-impact and high-abrasionresistance. Examplesof such
castings are given in Figs. 10.30 through 10.33.

Wear parts of shot blast machines (Fig. 10.34) are an
important application of high-Cr castirons, ASTM Classesl||
andI1. High-velocity shot and, especially, themixture of shot
andsandinblast cleaninginstallationsareextremely abrasive.

Fig. 10.28. New Ni-Hard 4 (ASTM ID) rolls for a power station,
hardfaced to obtain an extended life. (Courtesy of GEC
Alsthom)

Fig 10.29. High-Cr (ASTM IlIA) casting used to crush sand
lumps. Casting is approximately 122x81 cm (48x32 in.) and
weighs 89 kg (200 Ib). (Courtesy of United Machine and
Foundry)

Fig. 10.27. Roller tire for roller crusher cast of Ni-Hard 4
(ASTM ID). (Courtesy of BLK Babcock Giesserei)

Applications

Fig 10.30. Impeller shoe for a vertical shaft impact crusher,
Canica Model 95. This part weighs 34 kg (76 Ib) and is cast in
ASTM A 532 Class Ill Type A. The part is one of five shoes that
sits on a table that spins at approximately 900 rom. The rock is
deflected off the impeller shoe into a ring of anvils, which
shatters or fractures the big rock into smaller rocks. (Courtesy
of Eagle Foundry Co.)
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Fig 10.31. High-Cr (ASTM IIB) impact hammers, heat treated
to a hardness of 700 HB. The approximate weight of one
casting is 142 kg (320 Ib). (Courtesy of Weatherly Casting and
Machine Co.)

Fig. 10.32. ASTM IIB impact bars (center) and beater blocks of
impact crusher used to produce road building gravel from
hard rock. (Courtesy of Hazemag)

./
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Fig. 10.33. High-Cr AR cast iron (ASTM IID) blow bar for an
impact crusher. The bar weights 280 kg (617 Ib). (Courtesy of
Vautid)
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L arge components of dredge and slurry pumps can be
cast from ASTM Class|D (Ni-Hard 4) or ASTM Class|| and
[l (high-Cr and high-CrMo irons). Such applications are
shown in Figs. 10.35 through 10.38. The advantage of Ni-
Hard 4 is the heat treatment with slow cooling of the some-
times complex castings, reducing the risk of cracking and
distortion. Inmost cases, performanceof Ni-Hard 4 and high-
Crironin neutral mediaisequal.

Corrosion does not play a significant role, as long as the
water isneutral or dightly basic. Even dredge pumpsin sea
water do not show any corrosion damage or pitting attack in
standstill periods. The main factor is abrasion resistance, and
a higher or lower Cr content in the range of ASTM ID to
ASTM Il1A does not have significant effect. Lowering the
pH-value to below 7 into the dight acidic range, however,
doesincreasethe corrosion component, and higher Cr content
becomes important. ASTM I11A is superior to ASTM 11D,
which is superior to ASTM 1IB and, especialy, Ni-Hard 4
(ASTM ID). An example of the use of ASTM IlIA in corro-
sive/abrasive environmentsisthat of sacrificial or protective
wear plates(Fig. 10.39) that arebolted onthe auger of alarge
sand screw. Another example isthat of drag head parts, as
shown in Fig. 10.40.

Fig. 10.34. Wear parts of shot blast machines cast from high-
Cr cast iron grade ASTM IlIA. (Courtesy of GF)

Fig 10.35. High-Cr (ASTM IlIA) 2.13-m (84-in.) dia slurry pump
impellers. (Courtesy of Georgia Iron Works)
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Castingsof ASTM II1A (Figs. 10.41, 10.42 and 10.43) are
to be preferred in corrosive durries. With regard to the
castingsinFigs. 10.42and Fig. 10.43, it should bekeptinmind
that coal slurries can become acidic due to reactions of their
sulfur content with water. The lowest pH-value, where high-
Cr irons are useful, depends on the relative amounts of

Fig 10.36. High-Cr (ASTM IlIA) sand and gravel pump
housings. Casting weights range from 1100 to 2900 kg (2500 to
6500 Ib). (Courtesy of Mobile Pulley and Machine Works)

Fig 10.37. High-Cr (ASTM IlIA) AR parts for the dredging
industry. Weights of large castings can exceed 5780 kg (13,000
Ib). (Courtesy of Mobile Pulley and Machine Works)

Fig 10.38. Ni-Hard 4 (ASTM ID) 183 cm (72 in.) dia pump head
liner. The approximate weight of the casting is 575 kg (1300
Ib). (Courtesy of Weatherly Casting and Machine Co.)

Applications

Fig 10.39. An auger flight shoe for a 112-cm (44-in.) Eagle
sand screw is shown. This part weighs 5 kg (12 Ib) and is cast
in the ASTM A 532 Class Ill Type A. This part is one of
approximately 96 pieces that is bolted onto an auger to protect
the auger from wear. The screw is designed to wash gravel.
(Courtesy of Eagle Foundry Co.)

Fig. 10.40. High-Cr (ASTM A532 IllA) drag head parts for the
sand and gravel business. Parts weigh from 15 to 125 kg (~25
to 300 Ib). (Courtesy of Mobile Pulley and Machine)

Fig 10.41. High-Cr (ASTM IlIA) 135-cm (53-in.) dia impeller for
corrosion/erosion pump slurry application. Casting is
positioned on a two-plane dynamic balancing machine. The
approximate weight of the casting is 1500 kg (3400 Ib).
(Courtesy of Weatherly Casting and Machine Co.)
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abrasion and corrosion. Chloride content increases wear 10ss
of high-Crironsindightly acidic durries. Eventually, specia
irons with high-Cr:C ratios or AR stainless steels have to be
used. Inany case, however, total wear losswill bemuch higher
than the sum of abrasive and corrosive loss alone.

Fig 10.42. High-Cr (ASTM IlIA) pipe elbow to transfer bauxite
sludge. The casting has a dia of 53.3 cm (21 in.) and weighs
about 550 kg (1235 Ib). (Courtesy of Texaloy Foundry Co.)

Fig 10.43a. High-Cr (ASTM IlIA) casting used to de-water coal.
Casting is approximately 81x81 cm (32x32 in.) and weighs 290
kg (650 Ib). (Courtesy of United Machine and Foundry)

Fig. 10.43b. High-Cr (ASTM IlIA) casting used in asphalt
mixing. Casting is approximately 74x46 cm (29x18 in.) and
weighs 67 kg (150 Ib). (Courtesy of United Machine and
Foundry)
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A classic example of this combined corrosive/abrasive
wear behavior is that found in the mechanical pulping of
wood chips. In this application, the corrosive medium isthe
wood pulp liquor and the abrasiveisrock particles embedded
withinthewood chips. Therefiner plate segmentsaremounted
onto a disk and spun against a counter-rotating disk or a
statically fixed disk. The wood chips are then fed between
these rotating disks and processed into wood fibers. Figure
10.44 shows acircle of refiner plates and Fig. 10.45 shows
several examples of separate refiner plate segments made
from ASTM I1IA. Their high Cr content (25%) and high CVF
(approximately 30%) provides superior corrosion/abrasive
resistance. In some speciaty applications, super high-Cr
grades (30% Cr) are sometimes used asrefiner plate alloysto
combat corrosive wear.

Fig 10.44. High-Cr (ASTM IlIA) AR refiner plate segments, laid
out to form a complete circle prior to installation onto a refiner
disk. The refiner plate circle has a dia of 1.5 m (5 ft) and is
composed of 12 refiner plate segments. (Courtesy of
Durametal Corporation)

Fig 10.45 High-Cr (ASTM IlIA) AR refiner plates for the pulp and
paper industry. The holes are about 35 mm (1.4 in.) dia and the
castings weigh about 10 kg (22 Ib) each. (Courtesy of
Durametal Corporation)
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Appendices

Appendix A

Hardness of Minerals, Iron Phases and Carbides

Table A1
Hardness of Minerals, Iron Phases and Carbides®
Hardness

Knoop® Vickers
Minerals:
Talc ..o 20 .. —
Carbon ........................ 35 . —
GypsSum . ... 40 ... 36
Calcite ..............ciii. 130 ... 140
Fluorite ....................... 175 ... 190
Apatite . ..., 335 ... 540
Glass ... 455 ... 500
Felspar .......... ... ... ... .... 550 ......... 600-750
Magnetite .......... ... ... .... 575 ... —
Orthoclase .................... 620 .............. —
Flint ......... ... ... ... ...... 820 ............. 950
Quartz ....... .. 1330 ... 1430
Topaz ... 1360 .............. —
Garnet ....... . . 1360 ... ... —
Emery ....... ... .. 1400 .............. —
Corundum .................... 2020 ... 1800
Silicon carbide SiC ............. 2585 ............ 2600
Diamond ..................... 7575 ... .. 10,000
Iron Phases:
Ferrite ....... ... ... ... ... ... 235 ... 70-200
Pearlite, unalloyed ................ — 250-320
Pearlite, alloyed .................. — 300-460
Austenite, 12% Mn .............. 305 ......... 170-230
Austenite, lowalloy ................ — 250-350
Austenite, high Criron ............. — 300-600
Martensite .. ............... 500-800 ........ 500-1010
Cementite .................... 1025 ........ 840-1100
Carbides:
Chromium Carbide (Fe,Cr);Cs ....... 1735 ....... 1200-1600
Molybdenum carbide Mo,C ...... 1800 ............ 1500
Tungsten carbide WC ........... 1800 ............ 2400
Vanadium carbide VC .......... 2660 ............ 2800
Titanium carbide TiC ........... 2470 ... ... 3200
Boroncarbide ................. 2800 ............ 3700

(1) Data obtained from W. Fairhurst and K. Réhrig, “Abrasion-
Resistant High-Chromium White Cast Irons,” Foundry Trade
Journal, vol. 136, No. 2999, pp. 685-98 (1974).

(2) Typical values.

Appendix B
Mechanical and Thermophysical Properties

Appendix B consists of tables and figures that are categorized by
type of AR cast iron. They are as follows:

¢ Pearlitic White Cast Irons

¢ Ni-Hard 1 and Ni-Hard 2 AR Cast Irons
¢ Ni-Hard 4 AR Cast Irons

¢ High-Chromium AR Cast Irons

¢ Pearlitic White AR Cast Irons

Table B1
Mechanical and Thermophysical Properties
of a Representative Pearlitic White Cast Iron@

Chill Cast
Property Sand Cast (Perm. Mold)
Hardness, HBN ............. 390470 ......... 410-510
Tensile Strength
kpsi(MPa) ......... 30-60 (230-460) .. 35-60 (280-460)
Elastic Modulus Mpsi (GPa) .... 30(210) ......... 30 (210)
Compressive Strength
psi (MPa) ..... 195-225 (1500-1750) . ............ n.a.
Bending Strength
psi (MPa)@ ... ... ... 55-90 (370-620) . 70-105 (510-725)
Density
Ib/in.3 (g/cm3) .... 0.27-0.28 (7.6-7.8) 0.27-0.28 (7.6—7.8)
Specific Heat
Btu/lb-F (J/kg:K) ......... 0.135(565) ............. n.a.
Latent Heat of Fusion
Btu/lb (J/kg) ............ 84 (195,000) ............. n.a.
Thermal Conductivity
Btu/hr-ft-F (W/m-K) ....75-17(13-30) ............. n.a.
Coefficient of Thermal Expansion:
0-528F (0-276C); 5.5-6 (10-11)x106
528-1263F (276—684C); 8.8-9.1 (15.9-16.4)x106
n.a. = not available
(1) The numbers presented in this table are representative of
pearlitic unalloyed white cast irons cast into 30 mm (1.2 in.) dia
bars. Compositions are between 2.5-3.5% C, 0.4-0.67% Si,
0.3-0.96% Mn, balance Fe. Data obtained from Angus, H.T.,
“CastlIron: Physical and Engineering Properties,” Butterworths,
London (1976).
(2) Transverse rupture stress in a 30 mm (1.2 in.) dia bar using a
12 in. (305 mm) span.
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(Appendix B, Mechanical & Thermophysical Properties
Pearlitic White AR Cast Irons, continued)

Effect of Carbon Content on Mechaniczblifoiirties of Pearlitic White AR Cast Iron@
Carbon Content (%) ............ 1.77® .. .. 200 ..... 2224 ... 230 ...... 250 ..... 2.576) ... 3.00 ....... 3.50
Tensile Strength® kpsi (Mpa) ....64(520) ............ 80 (570) ..o 77 (540)
Tensile Strength® kpsi (Mpa) ............. 50(350) .............. 55(390) ...60(420) ............ 70 (490) ....73(510)
Strain to Failure® % .. ........... 051 ................ 049 ... 0.51
Compressive Strength® ksi (MPa) ........ 190 (1350) .. ... .. 200 (1400) .205 (1430) .......... 215 (1500) .. 225 (1575)
Elastic Modulus(12) Mpsi (GPa) ....28-30 ..(200-210)

(1) Test bars were sand cast to 30 mm (1.2 in.). After casting, bars were tempered at 990( F (550( C) for 1 hr and then furnace cooled. Data
obtained from: H.T. Angus, “Cast Iron: Physical and Engineering Properties,” Butterworths, London (1976).

(2) Data obtained from Ruddeck, P., Uber die Qualitdtsbestimmung und Qualititsentwicklung von unlegiertem Hartgui3, Dr.-Ing. Dissertation,
Freiberg (1966).

(3) Chemical composition was 1.77% total C, 0.96% Si, 0.22% Mn, 0.1% S, 0.07% P, balance Fe.
(4) Chemical composition was 2.22% total C, 1.12% Si, 0.22% Mn, 0.1% S, 0.05% P, balance Fe.
(5) Chemical composition was 2.57% total C, 1.03% Si, 0.21% Mn, 0.1% S, 0.07% P, balance Fe.

Table B3
Effect of Carbon Content on
Thermal Properties of Pearlitic White AR Cast Iron@

Coefficient of Thermal Thermal Conductivity
Carbon Content (%) Expansion(2) Strain / F Btu/hr-ft-F (W/m-K)
(Strain / C)x106
2 5.3(9.5) it 18 (31)
B2 5.0(91) ettt 15 (26)
3D 49(8.8) ..t 13 (23)
B0 A8(8.6) oot 12 (20)

(1) Data obtained from Walzen Irle, GmbH, Netphen-Deuz, Germany.

(2) Coefficient of thermal expansion is given as an average value between the temperatures of 70—-390F (20—-200C).

¢ Ni-Hard 1 and Ni-Hard 2 AR Cast Irons

Typical Range of Mechanical PropertiTe_‘zb(l; I?Iiszard 1 and Ni-Hard 2 AR Cast Irons®
Tensile Transverse Modulus of Impact
Brinell Strength Strength® Deflection® Elasticity Energy®)
Hardness kpsi (MPa) kpsi (MPa) in. (mm) Mpsi (GPa) Ib-ft (J)
Ni-Hard 1 (3.0-3.6% C):
Sand Cast@ 550-690 40-50 (280-350)  70-90 (500-620) 0.08-0.11 (2.0-2.8) 24-26 (169-183)  38-56 (28—41)
Chill Cast) 600-730 50-60 (350-420) 80-125 (560-850) 0.08-0.12 (2.0-3.0) 2426 (169-183)  48-75 (35-55)
Ni-Hard 2 (max 2.9% C):
Sand Cast® 530-630 45-55 (320-390) 80-100 (560-680) 0.10-0.12 (2.5-3.0) 24-26 (169-183) 48-65 (35-48)
Chill Cast® 580-680 60-75 (420-530) 100-125 (680-870) 0.10-0.12 (2.5-3.0) 24-26 (169-183) 65-105 (48-76)

(1) Data obtained from Ni-Hard Material Data and Applications, Edited by K. Réhrig, NiDI, Ref. Book Series No. 11017 (1995).
(2) Transverse strength tests were performed on 30 mm (1.2 in.) dia test bars centered over a 300 mm (12 in.) span.

(3) Impact tests were conducted using an Izod test procedure on 1.2 in (30 mm) dia bars struck 76 mm (3 in.) above support.

(4) Samples were cast into 30 mm (1.2 in.) dia bars and have nominal compositions for their alloy range.
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(Appendix B, Mechanical & Thermophysical Properties
Ni-Hard 1 & Ni-Hard 2 AR Cast Irons, continued)

Table B5
Some Typical Physical Properties of Ni-Hard 1 and Ni-Hard 21

Density Ib/in3(g/lcm3) .. ... .. . 0.27-0.28 (7.6-7.8)
Thermal Conductivity Btu/hr-ft-F (W/m-K):

-Instantaneous at 70F (20C) . ................ ..., 7.8-8.3 (14-15)

- Instantaneous at 250F (120C) .. ....... ..., 7.9 (14.2)

- Instantaneous at 850F (450C) . ........... ... ... 10.4 (18.8)
Coefficient of Thermal Expansion &/F (¢/C)x106:

- Average between 50-200F (10-95C) ............... 4.5-5.0 (8-9)

- Average between 50-480 F (10-250C) ........ 6.3-6.6 (11.3-11.9)

- Average between 50-800F (10-425C) ......... 6.8-7.1 (12.2-12.8)

€ = strength.

(1) Data obtained from Ni-Hard Material Data and Applications, Edited by K.
Réhrig, NiDI, Ref. Book Series No. 11017 (1995).

Table B6
Fracture Toughness of Ni-Hard 1 Alloys
Brinell Fracture Toughness
Alloy and Test Method . ........ ... .. i Hardness ... kpsi-in.2 (MPa-m1/2)
Ni-Hard 14 - 3.7% C - Double Torsion Fracture Bend Test(®
CAIIOY @, @S CaSt ... e 610 ........... 23 (26)
- Alloy b, 4 hr 500F (275C), aircooled ..............cciiiinonn.n. 580 ........... 24 (26)
-Alloy ¢, 4 hr 1470F (800C), aircooled ...............ccivvvinn.n. 660 ........... 17 (19)
Ni-Hard 1 - 3.2% C - ASTM E23-72 K¢ Fracture Toughness Test(@
SAIIOY 50A, @S-Cast . .. v v 540 ........... 22 (24)
(1) Data obtained from I.R. Sare, “Abrasion Resistance and Fracture Toughness of White Cast Irons,” Met.
Technol., vol. 6, pp. 412-419 (1979).
(2) Data obtained from D.E. Diesburg and F. Borik, “Optimizing Abrasion Resistance and Toughness in Steels
and Irons for the Mining Industry,” in Symposium Materials for the Mining Industry, Vail, CO. July 30-31, 1974,
pp. 15-42, Climax Molybdenum Co.
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Fig. B1. Hot hardness testing of a heavy-section Ni-Hard 1 casting. (Data obtained from Ni-Hard Material
Data and Applications, Edited by K. Réhrig, NiDIl, Ref. Book Series No. 11017, 1995)
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(Appendix B, Mechanical & Thermophysical Properties, continued)
- Ni-Hard 4 AR Cast Irons

180

Table B7
Typical Range of Mechanical Properties of Ni-Hard 4 AR Cast Irons
Tensile Transverse Modulus of
Brinell Strength Strength Deflection Elasticity
Hardness kpsi (MPa) kpsi (MPa) in. (mm) Mpsi (GPa)
Ni-Hard 4(%) (2.6-3.2% C) 550-700  70-85 (500-600) 85-115 (600-800) 0.08-0.11 (2.0-2.8) 27-29 (190-200)
Ni-Hard 4 (3.3% C, 2.1% Si) 640 not avail. 100 (695) 0.026 (0.66) not avail.
Ni-Hard 4(2) (3.8% C, 1.6% Si) 580 not avail. 77 (533) 0.018 (0.46) not avail.
Ni-Hard 4(2) (3.6% C, 1.2% Si) 530 not avail. 73 (505) 0.021 (0.53) not avail.

(1) Data obtained from Ni-Hard Material Data and Applications, Edited by K. R6hrig, NiDI, Ref. Book Series No. 11017 (1995). Transverse
strength tests were performed on 30 mm (1.2in.) diameter test bars centered overa 300 mm (12 in.) span. Impact tests were conducted

using an Izod test procedure on 1.2 in. (30 mm) diameter bars struck 76 mm (3 in.) above support. Samples were cast into 30 mm
(1.2 in.) diameter bars and have nominal compositions for their alloy range.

(2) Data obtained from J.J. Fischer, “The Relationship of Microstructure to Properties in Ni-Hard 4,” AFS Transactions, vol. 91, pp. 47-
54 (1983). Other alloy elements had nominal values of 5.2% Ni, 7.8% Cr, 0.5% Mn. Bend tests were conducted on carefully machined
and polished bars that were 127 mm (5 in.) long by 22 mm (0.9 in.) wide by 10 mm (0.4 in.) thick. A span distance of 82.5 mm (3.25
in.) was used. Bend samples were cut from casting such that the bending plane oftension was parallel to the chill face. Values reported
are from samples that are estimated to be 10 mm (0.5 in.) from the chill face.

Table B8
Some Typical Physical Properties of Ni-Hard 4

Density Ib/in3 (g/cm3) . ... .. . 0.27 (7.7)
Thermal Conductivity Btu/hr-ft-F (W/m-K) .. ............. 7-9 (12.6-15)
Specific Heat at 70F (20C) Btu/lb-F (J/kg:K) .............. 0.119 (500)
Coefficient of Thermal Expansion, &/F (¢/C)x106:

- Average between 70-212F (10-100C) ................. 8.2 (14.8)

- Average between 70-392F (10-200C) ................. 8.4 (15.2)

- Average between 70-572F (10-300C) ................. 8.8 (15.8)
- Average between 70-752F (10-400C) ................. 8.8 (15.9)
- Average between 70-932F (10-500C) ................. 8.5 (15.3)

€ = strength

(1) Data obtained from Ni-Hard Material Data and Applications, Edited by
K. Réhrig, NiDI, Ref. Book Series No. 11017 (1995).

Table B9
Fracture Toughness of Ni-Hard 4 Alloys
Brinell Fracture Toughness
Alloy and Test Method ........... ... ... .. Hardness ... kpsi-in.22 (Mpa-m12)
Ni-Hard 4 - 3.5% C, 1.7% Si, 5.5% Ni, 9.6% Cr, 0.65% Mn, balance Fe
Double Torsion Fracture Bend Test(®
SANIOY @, @S-Cast ... e 500 ........... 27 (30)
-Alloy b, 4 hr 1470F (800C), aircooled ............ ... ... ........ 700 ... 24 (27)
- Alloy ¢, 4 hr 1470F (800C), air cooled, tempered 4 hr 525F (275C) .... 590 ........... 24 (26)
Ni-Hard 42 - 3.4% C, 1.6% Si, 6.2% Ni, 8.6% Cr, 0.67% Mn, balance Fe
ASTM E23-72 K¢ Fracture Toughness Test(@
-Alloy 51B, 410F (210C), Lhr oottt e e 510 ........... 23 (25)
(1) Data obtained from I.R. Sare, “Abrasion Resistance and Fracture Toughness of White Cast Irons,” Met.
Technol., vol. 6, pp. 412-419 (1979).
(2) Data obtained from D.E. Diesburg and F. Borik, “Optimizing Abrasion Resistance and Toughness in Steels and
Irons for the Mining Industry,” in Symposium Materials for the Mining Industry, Vail, CO. July 30-31, 1974, pp.
15-42, Climax Molybdenum Co.
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(Appendix B, Mechanical & Thermophysical Properties, continued)

- High-Chromium AR Cast Irons

bend test).

Table B10
Typical Range of Mechanical Properties of High-Cr AR Cast Iron

Compressive Transverse Modulus of

Brinell Strength® Strength® Elasticity®

Hardness kpsi (MPa) kpsi (MPa) Mpsi (GPa)
56B(1) — 15Cr—3Mo (3.6% C) 410 238 (1640) 101 (696) 31-33 (215-230)
60 — 15Cr—3Mo (3.6% C) 720 460 (3170) 71 (490) 31-33 (215-230)
81B(® — 20Cr—2Mo-1Cu (2.9% C) 740 416 (2870) 100 (689) 31-33 (215-230)
83B(M — 27Cr (2.4% C) 650 419 (2890) 137 (945) 31-33 (215-230)
84B(™) — 27Cr (3.1% C) 700 429 (2960) 136 (938) 31-33 (215-230)

Fracture
Toughness®)

kpsi-in.12 (Mpa-m/2)

23.2 (25.5)

27.5 (30.2)

(1) Data obtained from D.E. Diesburg and F. Borik, “Optimizing Abrasion Resistance and Toughness in Steels and Irons for the Mining Industry,”
in Symposium Materials for the Mining Industry, Vail, CO. July 30-31, 1974, pp. 15-42, Climax Molybdenum Co.

(2) Compressive strength was measured following the ASTM E9-72 specification using 10 mm (0.4 in.) dia cylinders 20 mm (0.8 in.) long.

(3) Transverse strength tests were performed on 13 mm (0.5 in.) dia bars loaded in 4-point bending (span length is not important in the 4-point

(4) Typical room temperature values from: P.E. Belyakova, et al., “Thermophysical Properties of Wear-Resisting Cast Irons,” translated from
Metallovedenie i Termicheskaya Obrabotka Metallov, No. 12 pp. 45-48 (1975).

(5) Fracture toughness tests were conducted following ASTM E399-72 using a compact specimen of 13x51x53 mm (0.5x2x2.125 in.).

Table B11
Some Typical Physical Properties of High-Cr AR Cast Iron@

Density Ib/in3(g/cm3) . ... . 0.27 (7.6)
Thermal Conductivity Btu/hr-ft-F (W/m-K) ............. 8.6-17.3 (15-30)
Specific Heat at 70F (20C) Btu/lb-F (J/kg-K) .............. 0.119 (500)
Coefficient of Thermal Expansion &/F (€/C)x106:

- Average between 70-1112F (10-600C) ................ 7.2 (13.0)

€ = strength

(1) Data obtained from typical room temperature values from P.E. Belyakova,
etal., “Thermophysical Properties of Wear-Resisting Cast Irons, "translated
from Metallovedenie i Termicheskaya Obrabotka Metallov, No. 12 pp. 45-
48 (1975).

3000 b~

2500 -

COMPRESSIVE STRENGTH, MPa

2000 -

1500 |-

Cylinder specimens havinganominal

ol a diaof 10mm (0.4in.) and 20 mm (0.8

-350

A PEARLITIC ~{300
o O AUSTENITIC

COMPRESSIVE STRENGTH, ksi

AUSTENITIC-

in.) tall were compressed until
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averaged from three individual tests.
The irons had two com-positions:
(1) 3% C, 18% Cr, 2% Mo, 1% Cu,
0.5-1.0% Si, balance Fe;
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Fig. B2. Typical values of compressive strength versus hardness for a series of high-Cr AR irons. (Figure
obtained from J.L. Parks, “Characteristics of As-Cast and Subcritically Heat-Treated High-Chromium-

Molybdenum White Irons for Thick-Section Castings, AFS Transactions, vol. 86, pp. 93-102, 1978).
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(Appendix B, Mechanical & Thermophysical Properties,
High-Chromium AR Cast Irons, continued)
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Fig. B3. Hot hardness of high-Cr AR cast irons. (Left) Hot hardness taken on a martensitically hardened 2.6% C, 16.9% Cr, 1.2% Si
iron. (Courtesy of United Foundries) (Right) Hot hardness data taken on a variety of high-Cr AR cast irons. (Data obtained from
J.W. Boyes and R.E. Phelps, “Hot Hardness Characteristics of High Chromium Cast Irons,” BCIRA, vol. 12, pp. 54-63, 1964)
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Fig. B5. Thermal conductivity as a function of composition
(top, between 1.5 and 3.0% carbon; bottom, between 1.0 and
3.0% chromium) and temperature. (Data obtained from typical
Room temperature values from P.E. Belyakova et al., “Thermo-
physical Properties of Wear-Resisting Cast Irons,” translated
from Metallovedenie i Termicheskaya Obrabotka Metallov, No.
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Fig. B6. Specific heat at carbon concentrations of 2.2, 2.9 and
3.6%, as a function of composition and temperature. (Data
obtained from typical room temperature values from P.E.
Belyakova et al., “Thermophysical Properties of Wear-
Resisting Cast Irons,” translated from Metallovedenie i
Termicheskaya Obrabotka Metallov, No. 12 pp. 45-48, 1975).
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APPENDIX C

General Mechanical and Wear Properties

Diesburg and Boric (1974)

The first broad survey of mechanical and wear property data is
provided by D.E. Diesburg and F. Boric, “Optimizing Abrasion
Resistance and Toughnessin Steelsand Ironsfor the Mining Indus-
try,” in Symposium Materials for the Mining Industry, Vail, Colo-
rado, pp. 15-42 (1974). Their work is fairly comprehensive and
provides agood starting point for the mechanical and wear charac-
terization of AR cast irons. A caveat about their work is that no
history is provided asto section size used for sample preparation or
the surface finish used on the sampl es subjected to compressive and
four-point bendingtests. What their work doesprovideisal ook at the
mechanical and wear properties of abroad range of AR cast irons.

TablesC1and C2 providethechemical compositionsand thermal
histories of theirons. Table C3 gives the mechanical and wear data
gathered on theirons described in Tables C1 and C2. For reference,
afew steels have been included in the tables.

The list of irons covered in their work is exhaustive. What is
particularly nice is the range of carbon contents (e.g., aloys 63
through 67) and heat treatments (e.g., aloys 78A through 78l)
studied in their work. In some respects, there is something for
everybody in their compilation.

Considering thelaboratory basisof their work, one can guessthat
thetoughnessand abrasi on testing sampl eswere prepared from smal |
sand cast blocks having anominal thicknessof 25 mm (1in.). Using
these fine-grained samples, several toughness and abrasion tests
were performed on the samples.

Thegouging test consistsof asmall laboratory scalejaw crusher.
The test sample functions as the stationary jaw with a “standard”
material used as the movable jaw. The standard material isthe T1
grade of steel given at the end of Table C1. The test consists of
crushing oneton of precrushed morainal rock having asize range of
38-50 mm (1.5—-2.0in.). After the test, the plates are weighed, and
the weight loss of the test sample is divided by weight loss of the
standard. This numerical value was termed the “gouging ratio” by
Diesburg and Borik. A low gouging ratio indicates good abrasion
resistance.

Thepintest abradesa6.3mm (0.250in.) diacylinder against 180
mesh alumina abrasive cloth. The pin is pressed against the cloth
under aload of 63.75 Newton (15 Iby). Asthe pinisdragged across
thecloth, it rotates at 20 rpm and travelsalinear distance of 12.80 m
(504 in.) in seven minutes. At the end of thistest, thepinisweighed.
Results presented in Table C3 were averaged from two tests. Ascan
be guessed, alow weight loss indicates good abrasion resistance.

The rubber wheel test is covered in ASTM G 65 listed as
“Standard Practice for Conducting Dry Sand/Rubber Wheel Abra-
sion Tests.” Although Diesburg’s and Borik’ s work was conducted
prior totheimplementation of thisstandard, theconceptissimilar. In
their work, they press a small sample (22x22x50 mm) against a
rotating rubber wheel while an abrasive flows between the sample
and the wheel. The sample is held against the rubber wheel with a
force of 222 Newton (50 Ib;) while the 178 mm diameter wheel
rotates at 240 rpm. The AFS 50- to 70-mesh silicasand providesthe
abrasive action. A test consists of 5000 revolutions. Some other
complicationsareinvolved, butinbrief, theweight |ossof thesample
is reported based on 5000 revolutions.
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(Appendix C, General Mechanical & Wear Properties,
Diesburg & Boric, continued)

The toughness tests used by Diesburg and Borik follow ASTM
Procedure E 23-72for the Charpy and ASTM Procedure E399-72for
the fracture toughness tests. Compression tests were done using the
ASTM Procedure E9-72. The specimens tested under compression
were 10 mm diameter cylinders that were 20 mm long. Tensile data
was evaluated by afour-point bend test using 13 mm dia unnotched
bars. Thesurfacefinishesonthecompression and bend barswere not

mentioned. This is a shame, considering the sensitivity of wear
resistant cast irons to surface flaws. Consequently, the numbers
quotedin Table C3for compressiveand bend strength should beused
with care.

One of the strong features of their work is the comparison
provided between wear resistant steels and irons. Figures Cla and
Clbprovideasummary of their work inthisarea. Inthesefigures, the
best abrasion resistanceis provided by high-chromiumirons. Thisis
no big surprise, but it is nice to see it quantitatively graphed.

Table C1
Type and Composition of Iron and Steel Alloys®
Code
No. Irons C Mn Si Cr Ni Mo P S Other
50 2Cr-4Ni 3.19 0.64 0.57 2.20 3.94 — 0.031 0.033 —
51 9Cr-6Ni 3.42 0.67 1.61 8.64 6.17 — 0.029 0.036 —
52 12Cr-1Mo-1Cu 3.25 0.70 0.62 12.7 — 0.68 — — 1.20
53 15Cr-3Mo 2.51 0.80 0.47 14.7 — 2.62 — — —
54 15Cr-3Mo 3.59 0.8 0.4 15.0 — 2.6 — — —
55 15Cr-3Mo 3.60 0.8 0.4 15.0 — 2.6 — — —
56 15Cr-3Mo 3.60 0.84 0.42 14.95 — 2.62 — — —
57 15Cr-3Mo 3.60 0.8 0.4 15.0 — 2.69 — — —
58 15Cr-3Mo 3.60 0.8 0.4 15.0 — 2.60 — — —
59 15Cr-3Mo 3.60 0.85 0.42 14.96 — 2.61 — — —
60 15Cr-3Mo 3.68 0.8 0.4 15.0 — 2.6 — — —
61 15Cr-3Mo 3.62 0.8 0.4 15.0 — 2.6 — — —
62 15Cr-2Mo-1Cu 3.25 0.66 0.49 15.12 — 1.95 0.039 0.029 1.08Cu
63 17Cr-1.5Mo-1Cu 1.23 0.70 0.47 17.69 — 1.49 0.044 0.025 1.08Cu
64 17Cr-1.5Mo-1Cu 1.83 0.74 0.46 16.95 — 1.56 0.040 0.029 1.10Cu
65 17Cr-1.5Mo-1Cu 2.43 0.75 0.47 16.99 — 1.58 0.040 0.029 1.00Cu
66 17Cr-1.5Mo-1Cu 3.01 0.75 0.44 17.06 — 1.60 0.040 0.029 1.06Cu
67 17Cr-1.5Mo-1Cu 3.65 0.76 0.50 17.35 — 1.60 0.039 0.025 1.13Cu
68 18Cr-1Cu 2.89 0.78 0.57 18.0 — 0.03 0.036 0.024 0.96Cu
69 18Cr-1Cu 2.87 0.78 0.59 18.1 — 0.04 0.029 0.029 0.99Cu
70 18Cr-1Mo-1Cu 2.85 0.78 0.59 18.1 — 1.10 0.039 0.025 0.99Cu
71 18Cr-1Mo-1Cu 2.90 0.76 0.57 18.2 — 1.02 0.028 0.096 1.00Cu
72 18Cr-2Mo-1Cu 2.89 0.76 0.58 18.1 — 2.12 0.025 0.097 1.00Cu
73 18Cr-2Mo-1Cu 2.90 0.77 0.59 18.2 — 2.13 0.026 0.028 1.00Cu
74 18Cr-2Mo-1Cu 3.06 0.76 0.41 18.2 — 1.96 0.036 0.028 0.98Cu
75 18Cr-2Mo-1Cu 3.06 0.76 0.90 18.2 — 1.96 0.036 0.028 0.98Cu
76 18Cr-2Mo-1Cu 3.06 0.76 1.17 18.2 — 1.96 0.036 0.028 0.98Cu
77 18Cr-2Mo-1Cu 3.06 0.76 1.60 18.2 — 1.96 0.036 0.028 0.98Cu
78 18Cr-2Mo-1Cu 3.28 0.75 0.61 18.2 — 2.00 0.042 0.029 0.98Cu
79 18Cr-3Mo-1Cu 2.87 0.77 0.57 18.1 — 3.02 0.037 0.026 0.98Cu
80 18Cr-3Mo-1Cu 2.83 0.76 0.59 17.8 — 3.14 0.039 0.027 1.00Cu
81 18Cr-2Mo-1Cu 2.89 0.73 0.55 19.35 — 2.08 0.015 0.016 1.02Cu
82 27Cr 2.68 0.83 0.36 27.60 — — 0.009 0.008 —
83 27Cr 2.38 0.8 0.4 26.67 — — — — —
Steels C Mn Si Cr Ni Mo P S Other

7 T-1 Wrought Steel 0.19 0.84 0.28 0.56 — 0.18 0.011 0.021 0.02Ti, 0.05V, 0.0032B
21 Cr-Ni-Mo Wrought 0.27 — — 1.0 3.0 2.0 — — —
22 AISI 4340 0.40 0.7 0.3 0.8 1.8 0.25 — — —
30 Cr-Mo Cast Steel 0.88 0.95 0.72 2.44 — 0.35 0.027 — —
31 AISI H-11 Tool Steel 0.35 — — 5.0 — 1.5 — — 0.4v
41 12Mn (0.95C)

Cast Austenitic Mn  0.93 12.97 0.50 — — — — — —
44 12Mn (1.1C)

Cast Austenitic Mn 1.1 12.5 0.5 — — — — — —
(1) Diesburg and Borik, 1974.
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Table C2

Heat Treatment of Iron and Steel Alloys®

Code

No. Irons Heat Treatment Schedule

50A 2Cr-4Ni None

50B 2Cr-4Ni 410F (210C) - 1 hr

51A 9Cr-6Ni 410F (210C) - 1 hr

51B 9Cr-6Ni 410F (210C) - 2 hr

52A 12Cr-1Mo-1Cu None

52B 12Cr-1Mo-1Cu 1750F (955C)-1 hr, oil quenched, 400F (205C)

53A 15Cr-3Mo None

53B 15Cr-3Mo 1850F (1010C) - 2 hr, air cooled, 400F (205C)

54 15Cr-3Mo 1650F (900C) - 6 hr, furnace cooled, 400F
(205)

55  15Cr-3Mo 1650F (900C) - 1 hr, oil quenched, 400F (205)

56A 15Cr-3Mo None

56B 15Cr-3Mo 1650F (900C) - 1 hr, furnace cooled, 400F
(205)

56C 15Cr-3Mo 1650F (900C) - 1 hr, furnace cooled, 400F
(205), 1850F (1010C) - 1 hr, air cooled, 410F
(210C)

57  15Cr-3Mo 1650F (900C) - 6 hr, oil quenched, 400F (205)

58 15Cr-3Mo 1800F (980C) - 1 hr, oil quenched, 400F (205)

59A 15Cr-3Mo None

59B 15Cr-3Mo 1800F (980C) - 1 hr, furnace cooled, 400F
(205)

60  15Cr-3Mo 1800F (980C) - 6 hr, oil quenched, 400F (205)

61 15Cr-3Mo 1800F (980C) - 6 hr, furnace cooled, 400F
(205)

62A 15Cr-2Mo-1Cu 410F (210C) - 2 hr

62B 15Cr-2Mo-1Cu 1850F (1010C) - 4 hr

62C 15Cr-2Mo-1Cu 1850F (1010C) - 4 hr, air cooled, 410F (210C)
-2hr

62D 15Cr-2Mo-1Cu 1850F (1010C) - 4 hr, air cooled, 600F (315C)
-2hr

62E 15Cr-2Mo-1Cu 1850F (1010C) - 4 hr, air cooled, 800F (425C)
-2hr

62F 15Cr-2Mo-1Cu 1750F (955C) - 4 hr, air cooled, 410F (210C) -
2 hr

62G 15Cr-2Mo-1Cu 2150F (1175C) - 4 hr, furnace cooled to 1850F
(1010C) in 3 hr, held at 1850F (1010C) - 4 hr,
air cooled, 410F (210C) - 2 hr

62H 15Cr-2Mo-1Cu 1850F (1010C) - 4 hr, program cooled to form
bainite, air cooled, 410F (210C) - 2 hr

63A to

67A 17Cr-1.5M0-1Cu410F (210C) - 2 hr

63B to

67B 17Cr-1.5Mo-1Cu 1850F (1010C) - 4 hr, air cooled, 410F (210C)

68  18Cr-1Cu

69  18Cr-1Cu

70  18Cr-1Mo-1Cu
71  18Cr-1Mo-1Cu
72 18Cr-2Mo-1Cu
73 18Cr-2Mo-1Cu
74A to

77A 18Cr-2Mo-1Cu

-2hr
410F (210C) - 2 hr

1750F (955C) - 4 hr, cooled as 2-in. (50-mm)
plate in air, 410F (210C) - 2hr

410F (210C) - 2 hr

1750F (955C) - 4 hr, cooled as 2-in. (50-mm)
plate in air, 410F (210C) - 2 hr

410F (210C) - 2 hr

1750F (955C) - 4 hr, cooled as 2-in. (50-mm)
plate in air, 410F (210C) - 2 hr

410F (210C) - 2 hr

Code
No.

74B to
77B 18Cr-2Mo-1Cu

Irons

78A
78B

18Cr-2Mo-1Cu

18Cr-2Mo-1Cu
78C 18Cr-2Mo-1Cu
78D 18Cr-2Mo-1Cu
78E 18Cr-2Mo-1Cu

78F 18Cr-2Mo-1Cu

78G 18Cr-2Mo-1Cu
78H 18Cr-2Mo-1Cu
781  18Cr-2Mo-1Cu

79
80

18Cr-3Mo-1Cu
18Cr-3Mo-1Cu

81A
81B

18Cr-2Mo-1Cu
18Cr-2Mo-1Cu

81C 18Cr-2Mo-1Cu

82

83A
83B
84A
84B

27Cr
27Cr
27Cr
27Cr
27Cr

Heat Treatment Schedule

1750F (955C) - 4 hr, cooled as 2-in. (50-mm)
plate in air, 410F (210C) - 2 hr

410F (210C) - 2 hr

1700F (925C) - 4 hr, cooled as 2-in. (50-mm)
plate in air, 410F (210C) - 2 hr

1750F (955C) - 4 hr, cooled as 2-in. (50-mm)
plate in air, 410F (210C) - 2 hr

1850F (1010C) - 4 hr, cooled as 2-in. (50-mm)
plate in air, 410F (210C) - 2 hr

2100F (1150C) - 4 hr, cooled as 2-in. (50-mm)
plate in air, 410F (210C) - 2 hr

2100F (1150C) - 4 hr, cooled as 2-in. (50-mm)
plate in air, 1750F (955C) - 4 hr, cooled as 2-in.
(50 mm) plate in air, 410F (210C) - 2 hr

2150F (1175C) - 4 hr, cooled as 2-in. (50-mm)
plate in air, 1750F (955C) - 4 hr, cooled as 2-in.
(50 mm) plate in air, 410F (210C) - 2 hr

2200F (1205C) - 4 hr, cooled as 2-in. (50-mm)
plate in air, 1750F (955C) - 4 hr, cooled as 2-in.
(50 mm) plate in air, 410F (210C) - 2 hr

2200F (1205C) - 4 hr, cooled as 2-in. (50-mm)
plate in air, 1850F (1010C) - 4 hr, cooled as 2-
in. (50 mm) plate in air, 410F (210C) - 2 hr

410F (210C) - 2 hr

1750F (955C) - 4 hr, cooled as 2-in. (50-mm)
plate in air, 410F (210C) - 2 hr

None

1750F (955C) - 1 hr, air cooled, 400F (205C) -
2 hr

1750F (955C) - 1 hr, air cooled, 400F (205C),
1850F (1010C) - 1 hr, air cooled, 410F (210C)
-2hr

410F (210C) - 2 hr

None

1850F (1010C) - 2 hr, air cooled, 450F (230C)
None

1850F (1010C) - 2 hr, air cooled, 450F (230C)

No.
7A

Steels

T-1 Wrought
Steel

21A Cr-Ni-Mo

Heat Treatment Schedule

Hot-rolled 1-in. (25 mm) plate, 1700F
(925C), water quenched, 1200F (650C)

22A
22B
22C
30

31A

41

44

Wrought Steel
AISI 4340 (0.4C)
AISI 4340 (0.4C)
AISI 4340 (0.4C)
Cr-Mo Cast Steel

AISI H-11 Tool
Steel

12Mn (0.95C)
Cast Austenitic
Mn Steel

12Mn (1.1C)

Cast Austenitic
Mn Steel

(1) Diesburg and Borik, 1974.

Hardened and tempered to 510 HB
1750F (955C), air cooled

1600F (870C), oil quenched, 1200F (650C)
1600F (870C), oil quenched, 400F (205C)
1800F (980), air cooled, 1075F (580C)

Hardened and tempered at 400F (205C)

1900F (1040C) - 4 hr, water quenched

1900F (1040C) - 4 hr, water quenched
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(Appendix C, General Mechanical & Wear Properties,
Diesburg & Boric, continued)

2.0 7
|
|
1.8}
16}
14}
.3 Wrought and Cast
1.2fe Low-Alloy Steels
]
o

Gouging Wear Ratio
o
Fe'rrite,

o
o0

Austenitic
Manganese
"Steels

0.4

White Irons

High-Chromium

Increasing Abrasion Resistance

0.2} Austen;
enite Austenite+Carbides
| Martensite+Carbides
o , , \ 1 1 1 1
0 1.0 2.0 3.0 4.0

Carbon Content, %

Fig. Cla. Relationship between gouging wear ratio (a severe

abrasive wear test) and the C content of various types of

steels and irons.

The numbers in the figure correspond to

specific irons and steels provided in Tables C1, C2 and C3,
authored by Diesburg and Borik (1974).
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Fig. C1b. Relationship between resistance to gouging
abrasion and toughness of various materials. Area A =
wrought and cast low-alloy steels; Area B = austenitic Mn
steels; Area C = variety of heat-treated steels; Area D = high-Cr
irons. The numbers in the figure correspond to specific irons
and steels provided in Tables C1, C2 and C3, authored by
Diesburg and Borik (1974).
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(Appendix C, continued)

Hardness and Abrasion Resistance

Avery (1974)

H.S. Avery’s work (“Work Hardening in Relation to Abrasion
Resistance,” in Symposium Materialsfor the Mining Industry, Vail,
Colorado, pp. 43-78, 1974) represents another great compilation of
hardnessand abrasion datafor AR steelsandirons. Of particular note
ishiscomparison of the hardness and abrasi on resi stance of castings
having different section sizes (i.e., having fine- and coarse-grained
structures). A portion of hiswork issummarizedin TablesC4 and C5
and Fig. C2.

The abrasion test used by Avery was developed at Abex Corpo-
ration and is known as the wet sand abrasion test. The sample is

rotated agai nst acopper track withinamixture of water and abrasive.
The sample is pushed against the copper track under a nominal
pressure of 54 psi (0.4 MPa) with avelocity of 119 ft/sec (0.60 m/
sec). The sampleisimmersed in aslurry of 0.64/100 by weight or
0.24/100 by volume of sand to water. Thetest isrun for 60 minutes
and the sample weighed. The wet sand abrasion factor (WSAF) is
then computed. A low value implies high abrasion resistance.

Oneof theinteresting featuresof Avery’ swork isthe comparison
between thick- and thin-section castings. Tables C4 and C5 present
part of the data compiled by Avery. In al cases, the best abrasion
resistance is on the surface of the casting. This effect is most
pronounced for heavy-section castings. Some alloys are more sensi-
tive to this thickness effect than are others.

Table C4
Composition and Heat Treatment of Grinding Mill Alloys®
ASTM A- Heat

Item  Type 532 Grade %C %Mn %Si %Cr %Mo %Ni Treatment
1 Aust. 13 Mn — 1.2 13.0 0.5 0.5 — — WQ
2 Pearlitic Cr-Mo — 0.83 0.9 0.25 2.33 0.42 — AH&T
3 Pearlitic Cr-Mo — 0.90 1.0 0.55 2.25 0.37 — AH&T
4 Mart. Cr-Mo — 0.65 1.0 0.5 2.3 0.4 — AH&T
5 Ni-Hard IA 3.18 0.58 0.51 2.32 — 3.93 SR
6 Ni-Hard IA 3.02 0.90 0.43 3.68 — 4.02 SR
7 Ni-Hard 1A 3.00 0.73 0.77 2.25 — 4.70 SR
8 HC-250 A 291 112 0.62 25.7 0.49 0.25 As Cast
9 HC-250 A 291 112 0.62 25.7 0.49 0.25 AH2
10 15-3 Ic 3.17 0.94 0.90 16.0 3.17 — As Cast
11 15-3 Ic 3.17 0.94 0.90 16.0 3.17 — AH & SR
12 Paraboloy IE 2.95 0.73 0.73 19.1 1.14 0.77 AH2
13 Paraboloy IE 3.15 0.76 0.65 19.7 1.25 0.71 AH2
14 19Cr-Ni-Mo

(underalloyed) 1ID 2.47 0.75 0.62 19.8 0.73 0.73 AH2
15 19Cr-Ni-Mo

(overalloyed) IIE 2.83 0.71 — 195 1.24 1.24 AH2
16 Paraboloy IIE 2.70 0.68 0.54 18.1 1.22 0.65 AH2
17 Paraboloy IIE 2.89 0.72 0.50 17.9 1.14 0.80 AH2
18 Paraboloy IIE 2.89 0.72 0.50 17.9 1.14 0.80 AH2

Heat treatment: WQ = water quenched from about 1850F (1010C); AH = air hardened; 2 = from 2000F (1095C); SR = stress
relieved at 400-520F (205-270C) - 4 to 10 hr.; T = tempered.

(1) Avery, 1974.
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(Appendix C, Hardness and Abrasion Resistance, continued)

Abrasion Resistance of Thin and ThiZib.‘;i‘cctiJns of Grinding Mill Liner Castings@
Thin Section Thick Section
2-1/2 to 3in. (65 to 75 mm) Thick 4-1/2t0 6-1/2in.(115to 165 mm) Thick|
Liner Surface Interior Surface Interior

Item Type Type® HRC HB WSAF HRC HB WSAF HRC HB WSAF HRC HB WSAF
1 Aust. 13 Mn — — — — — — — — — — Expectancy is 0.80
2 Pearlitic Cr-Mo — — — — — — — — — — 36 345 0.64
3 Pearlitic Cr-Mo — — — — — — — — — — 36 370 0.62
4 Mart. Cr-Mo — — — — — — — — — — Expectancy is 0.71
5 Ni-Hard B 62 667 0.52 59 600 0.59 62 667 0.51 59 600 0.56
6 Ni-Hard B 52 447 0.58 51 447 0.63 52 447 0.63 49 460 0.69
7 Ni-Hard B 59 613 0.60 56 555 0.69 59 613 0.59 56 555 0.67
8 HC-250 A 57 555 0.46 57 555 0.49 57 555 0.52 50 477 0.80
9 HC-250 A 63 633 0.46 62 667 0.49 62 683 0.45 62 675 0.64
10 15-3 A 48 460 0.81 47 444 0.86 48 460 0.81 46 444 0.87
11 15-3 A — — — — — — — — — 60 652 0.77
12 Paraboloy A 60 600 0.36 58 555 0.39 63 652 0.36 61 627 042
13 Paraboloy A 63 652 0.35 63 627 0.38 63 667 0.33 63 627 0.49
14 19Cr-Ni-Mo

(underalloyed) A 63 652 0.45 63 652 044 63 652 0.58 62 627 0.60
15 19Cr-Ni-Mo

(overalloyed) B 65 685 0.35 64 652 043 64 683 0.37 64 652 0.53
16 Paraboloy C 65 713 0.34 64 713 0.37 65 713 0.37 64 698 0.49
17 Paraboloy B 61 600 0.42 61 600 0.46 60 578 041 61 627 0.45
18 Paraboloy A 61 627 0.39 61 627 041 62 627 0.40 62 627 0.46

HRC = Rockwell, C-scale hardness; HB = Brinell Hardness;, WSAF = Wet Sand Abrasion Factor

(1) Avery, 1974.
(2) See Fig. C2, below.

Block Type Shell Liner

Weight
490 Ib (220 kg)

23%zin.
(595 mm)

(490 mrﬁ)\v
Slow Speed

Single Wave Shell Liner
Single Wave Shell Liner

5to6Yzin.

(125 to 165 mm) 4% in.

Type B TypeC (115 mm)

< 19%in J L____
| (490 mm) / | (355 mm)

3in. 3in. . .
Length 3 ft (915 mm) (75 mm) Length 23% in. (595 mm) (75 mm) Fig. C2. Sche_mat/c of Type A, Type B and
Weight 615 to 8201b Weight 340 Ib (155 kg) Type C shell liners studied.
(280to 370 kg) Results are contained in Table C5, above.
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(Appendix C, continued)

Abrasion Resistance and Fracture Toughness
of White Cast Irons

Sare (1979)
In “Abrasion Resistance and Fracture Toughness of White Cast
Irons, Met. Technol., vol. 6, pp. 412-419, 1979, |.R. Sare provides

an in-depth look at both abrasion resistance and fracture toughness
in Tables C6, C7, C8 and Fig. C3. His represents an important
piece of work for its completenessin covering awide range of irons
and afew common AR steels.

Table C6
Alloy Composition (Wt%) and Abrasion Test Data®

(1) Sare, 1979.

Alloy %C %Si %Mn %Cr %Mo %Ni %Cu Test Data

Mild Steel 0.24 0.01 0.53 0.07 0.01 0.08 — Reference material for abrasion tests
15Cr-3Mo A 34 0.30 0.28 15 2.85 0.05 0.01 Abrasion test and Kc; cast 5 mm thick
15Cr-3Mo B 3.5 0.65 0.76 14.9 2.76 0.19 — Kic; cast 12 mm thick

15Cr-3Mo C 3.6 0.70 0.83 14.8 2.55 0.27 — Kic; cast 12 mm thick

15Cr-3Mo D 3.8 0.94 0.59 15.2 2.90 0.13 — Kic; cast 12 mm thick

15Cr-3Mo E 3.5 0.56 0.86 16.1 2.60 0.45 — Kic; cast 12 mm thick

15Cr-3Mo F 3.6 0.75 0.63 15.3 2.50 0.19 — Kic; cast 12 mm thick

15Cr-3Mo G 3.7 0.79 0.73 15.3 2.50 0.20 — Kic; cast 12 mm thick

15Cr-3Mo H 3.54 0.99 0.60 17.2 3.0 — — Kic; cast 12 mm thick

15Cr-2Mo-1Cu 2.75 0.35 0.64 16.6 1.83 — 0.95 Kic; cast 12 mm thick

27% Cr A 2.55 0.50 0.26 26.3 0.55 0.10 0.02 Abrasion test and Kc; cast 12 mm thick
27% Cr B 2.95 0.74 0.86 28.8 — — — Kic; cast 12 mm thick

27% Cr C 2.75 0.65 0.70 27.0 — 0.2 — Kic; cast 12 mm thick

35% Cr A 5.24 1.15 3.30 35.5 0.01 0.15 0.05 Abrasion test and Kc; cast 12 mm thick
35% CrB 4.42 0.35 0.40 33.2 0.01 0.08 — Abrasion test; cast 12 mm thick

Ni-Cr 1 3.71 0.84 0.55 2.10 0.01 4.07 — Abrasion test and Kc; cast 12 mm thick
Ni-Cr 4 3.43 1.75 0.65 9.60 0.06 5.50 — Abrasion test and K,c; cast 12 mm thick
Ni-Cr-Mo steel A 0.32 1.28 1.08 1.53 0.42 0.39 — Kic; cast 12 mm thick

Ni-Cr-Mo steel B 0.33 1.52 0.72 1.49 0.46 0.24 — Kic; cast 12 mm thick

Ni-Cr-Mo steel C 0.35 1.79 0.86 1.49 0.43 0.28 — Kic; cast 12 mm thick

Cr-Mo steel 0.50 0.58 1.02 0.99 0.39 0.11 — Kic; cast 12 mm thick
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groove

front
initiating notch

ODouble-Torsion Bend Test: Samples were cast to size, surfaces ground flat, and the crack-
guiding groove and initiating notch were machined.

O Rubber Wheel Abrasive Wear Test: All tests were conducted using —100, +150 mesh SiC
grit. Results are reported as the weight loss of the mild steel standard divided by the weight
loss of the wear test specimen.

Fig. C3. Description of abrasion and fracture tests (Sare, 1979).
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Table C7
Heat Treatments®

Heat(
Treatment
Alloy Designation Heat Treatment
15Cr-3Mo A a As cast
b 40 min, 1832F (1000C); AC
c 40 min, 1832F (1000C); 30
min, 1247F (675C); AC
d 40 min, 1832F (1000C);
100 hr, 536F (280C); AC
15Cr-3Mo B-H b ~3 hr, 1832F (1000C); AC
20Cr-2Mo-1Cu b ~3 hr, 1832F (1000C); AC
27%Cr A a As cast
b 40 min, 1832F (1000C); AC
c 40 min, 1832F (1000C);
100 min, 1274F (690C); AC
d 40 min, 1832F (1000C);
100 hr, 662F (350C); AC
27%Cr B b 3 hr, 1920F (1050C); AC
27% Cr C b 3 hr, 1920F (1050C); AC
35% Cr A a As cast
b 40 min, 1832F (1000C); AC
c 40 min, 1832F (1000C);
2 min, 1240F (670C); AC
d 60 min, 1832F (1000C);
100 hr, 535F (280C); AC
NiCr 1 a As cast
b 4 hr, 527F (275C); AC
c 4 hr, 842F (450C); AC;
4 hr 527F (275C); AC
NiCr 4 a As cast
b 4 hr, 1472F (800C); AC
c 4 hr, 1472F (800C); AC;
4 hr 527F (275C); AC
Ni-Cr-Mo steel A b 1724F (940C); furnace cooled,;
Ni-Cr-Mo steel B b 1796F (980C); AC; 6 hr, 608F
(320C); AC
Ni-Cr-Mo steel C b 1724F (940C); OQ; 6 hr, 608F
(320C); AC
Cr-Mo steel b 1742F (950C); AC; 1 hr, 752F

(400C); AC
Heat treatment: AC = air cooled; OQ = oil quenched.
(1) Sare, 1979.

(2) Shows relationship to the alloys in Table C8.

Table C8
Abrasion Resistance and Fracture Toughness Test Results@
Heat Hard-  Abrasion Fracture
Treat- ness Resistance Toughness

Alloy ment HV50 Ratio Kic, Mpa-in.12
15Cr-3Mo A a 557 1.75+0.04 29.4

b 829 1.73+£0.04 222

c 809 1.67+£0.04 21

d 735 1.79+0.04 21
15Cr-3Mo B b 890 — 19.5
15Cr-3Mo C b 937 — 20.8
15Cr-3Mo D b 841 — 25.5
15Cr-3Mo E b 859 — 25.5
15Cr-3Mo F b 925 — 23.8
15Cr-3Mo G b 929 — 21.3
15Cr-3Mo H b 955 — 21.4
20Cr-2Mo-1Cu b 824 — 245
27%Cr A a 545 2.06+0.06 30.3

b 868 1.92+0.04 22.6

c 459 1.98+0.06 27.4

d 840 1.90+0.06 22.7
27%Cr B b 697 — 30.1
27%Cr C b 753 — 30.6
35%Cr A a 729 2.14+0.06 27.1

b 884 2.21+0.06 214

c 885 2.21+0.06 222

d 870 2.29+0.06 20.4
NiCr 1 a 719 1.32+0.06 25.6

b 691 1.38+0.06 26.2

c 788 1.36+0.06 19.1
NiCr 4 a 604 1.44+0.06 30.6

b 820 1.36+0.06 26.6

c 704 1.44+0.06 26.2
Ni-Cr-Mo Steel A b 540 — 88.5
Ni-Cr-Mo Steel B b 493 — 70.1
Ni-Cr-Mo SteelC b 548 — 83.6
Cr-Mo steel b 512 — 50.9
(1) Sare, 1979.
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Appendix D

Hardness Measurements

Background Information

Hardness measurements are perhaps the single most prevalent and
important metallurgical measurement made in today’s foundry.
Typicaly, a near homogeneous material is deformed by a much
harder indenter, and the amount of plastic deformationinthe sample
is measured. This simple concept implies many assumptions about
thematerial’ shehavior asitisplastically deformed (i.e., anindent is
left in the sampl e after the hardness measurement). For example, the
amount of plastic deformation produced by a given load is a direct
function of the material’s elastic modulus, yield strength and work
hardening characteristics. Besides these interactions, a key tenet of
all hardness measurementsisthat the material region “sampled” by
theindenter is representative of the material in general. For macro-
scopically and microscopically heterogeneous AR cast irons, this
criterion must be carefully reviewed for each type of hardness
measurement technique employed.

Measurement Technique

Figure D1 shows a schematic of the three most common hardness
measurement techniques: Brinell, Rockwell and Equotip. All three
use a very hard indenter (tungsten carbide for the Equotip Lp and
Brinell, and diamond for Equotip Lg and Rockwell), which is
assumed to remain rigid during the indentation test.

Of the three hardness techniques, the Brinell and Rockwell tests
both make direct measurements of the residual plastic deformation
produced by their indenters. The Brinell test measures the diameter
of indentation crater, while the Rockwell test measures the depth of
theindentation crater. Thisisan important distinction. The depth of
theindentation crater isdirectly affected by theel astic responseof the
undeformed material surrounding the plastically deformed region
(elastic recovery), whilethediameter of the crater remainsrelatively
unaffected. Consequently, converting Brinell hardness measure-
ments to Rockwell hardness measurements or vice versa is not
recommended between materials having different elastic moduli
(i.e., between aluminum and iron).

The Equotip measurement technique is a relatively new tech-
niqueinvented by D. Leebinthelate 1970s. The name Equotipisan
abbreviation for Energy-quotient (Equo) and “tip” is derived from

. 4

20 BY 20

Brinell Rockwell (C) Equotip
HB = Dia of HRC = Depth of L =Impact Velocity / Rebound
Indentation Crater Indentation Velocity

« Instrumented
* Dynamic Measurement
« Spherical Indentor

* Non-instrumented * Instrumented
« Static Measurement « Static Measurement
« Spherical Indentor * Sphero-Conical Indentor

Fig. D1. Schematic of common hardness tests. In all cases,
the hardness measurement is a measure of the resistance to
plastic flow.
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the spherical projectile used in theindentation process. Thereported
hardness value is derived from the impact (Vimpat) and rebound
(Vrenound) Velocities of a spherical indenter as:

L = 1000 - Vrehound/ Vimpact
where L isin honor of theinventor D. Leeb.

The instrument automatically measures the two velocities and
calculatesthe L number. Reported L numbersareawaysaveragesof
five impact events. Depending upon the type of spherical indenter,
whether tungsten carbide or diamond, the L number isdenoted asLp
or Lg, respectively. The L value of this dynamic measurement is a
function of the elastic modulus, yield strength and work-hardening
characteristics of the material.

Since the rebound velocity of the indenter is a critical factor in
calculating the L number, the indented material’s elastic modulus
will have a strong influence on the resulting number. For example,
specimensof steel (210 GPa) and a uminum (70 GPa) were metal lur-
gically designedto haveBrinell hardnessesof 150 (i.e., similar yield
strengthsand work-hardening characteristics). Upontestingwiththe
Equotip instrument, their Lp numbers varied from 414 for the steel
specimen to 542 for the aluminum specimen—a variation of 30%
(calculated as: 128/ 414 - 100) (Laird et al., 1995). Thisbehavior is
simply dueto the effect of the aluminum storing more el astic energy
during impact than steel. If the yield strengths are equivalent, then:

Energy«ea = 70 GPa/ 210 GPa - Energyauminum

The steel specimen only storesabout 1/3 the elastic energy of the
aluminum specimen, and therefore produces alower rebound vel oc-
ity and alower L number.

An important concern to the producers of AR cast irons is the
precision and accuracy of the hardness measurement on heteroge-
neous microstructures. Both precision (the ability of the instrument
to reproduce a certain reading) and accuracy (the deviation of the
instrument reading from a known standard) are influenced by the
region sampled during the indentation process. Since AR irons are
used in macroscopic wear environments, where wear losses are
measured in centimeters, an accurate hardness measurement must
sample a macroscopic region of the casting.

A simple calculation shows that, at a hardness Brinell (HB) of
578, using a3000 kgf static load and a 10-mm tungsten carbide ball,

Fig. D2. Hypoeutectic, sand-cast, white cast iron showing an
Lp indentation.
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the indentation crater has a diameter of 2550 mm. The size of this
crater isfar greater than that of the microstructural featuresfoundin
whitecastirons, wherethecarbidesarefrom 10to 50 mmin diameter
and the austenite grains are from 25 to 100 mm in diameter.

In contrast, the Equotip measurement only samplesavery small
region of the sample. Figure D2 shows an Equotip indentation crater
madein ahigh-Cr AR iron. The size of theindentation crater covers
just afew eutectic colonies. As would be expected, for an accurate
Equotip measurement, many readingsmust be made and statistically
analyzed.

Conversion Guidelines

When working within any one hardness measurement system, ques-
tions arise as to how comparable the measurement errors to other
hardnesstechniquesare. Inwork done by the AFS5-D committee, it
was discovered that, under controlled conditions, measurement
errorsbetweenthethreecommon hardnesstechniques(TableD1) are
virtually equivalent across a broad spectrum of AR cast irons.
Nonethel ess, when one converts hardness measurements from one
systemto another system, themeasurement error hasjust doubled by
using a conversion equation (Table D2).

A way toview thisproblemisshowninFig. D3. Thisfigureshows
the correlation equation used to fit HRC datato HB data; it isnot a
perfect fit to the experimental data.

Another hidden problem with converting hardness numbersisin
recognizing the limitations of each hardnesstechnique. Thisismost
apparent between HB and the Equotip. At hardnesses in excess of
700 HB, the HB measurement is still accurate (although it does not
meet the ASTM specification, it still givesvalid, accurate hardness
numbers!), while the Equotip, Lp measurement gives meaningless
numbers. Thisisclearly showninFig. D4. Asthe hardnessof the AR
ironincreases, theL p measurement doesnot effectively discriminate
between irons of higher hardness.

Withthese caveats, conversion equationsareintroducedin Table
D2. In al cases, the end user should have access to the origina
hardness measurement and the converted hardnessnumber, and both
should be reported. Tabulated conversions (Table D3) are aso
presented for convenience.

SinceVickershardnessmeasurementsarepreval ent, conversions
in Table D3 are presented to convert between Brinell, Rockwell C
and Vickers hardness values (Parks, 1979).

Table D1
Generalized Comparison of
Errors in Hardness Measurements(®)

Example Typical Conversion Approximations for
Tech-  Measurement Measurement  Typical Measurement Error in
nique Value Error Other Hardness Units

*p +HB +HRC

Lp 750 +6.6 +6.6 +10 +0.66
HB 591 +9.6 +6.0 +9.6 +0.60
HRC 55.7 +0.62 +5.9 +11 +0.62
(1) For more details, see Laird, 1995.

Table D2
Hardness Conversion Equations

Equation

Equotip (Lp):
Lp® =380.6 + 0.626 - HB
Lp®@ = 489.8 + 0.0848 - HRC®)

Brinell (10/3000):
HB® =-579.1+1.56 - Lp

Rockwell (C):

curve.

(2) Equations from Laird et al. (1995).

(3) Equations from Parks (1979).

HB® =717.8 — 22.515 - HRC + 0.363 - HRC®)

HRC®@ =-129.7 + 0.395 - Lp — 1.97x10~4 - Lp® 593-819 Lp
HRC® =-12.0 + 0.167 - HB — 8.82x10-5 - HB(®) 385-848 HB

(1) Squared multiple correlation coefficient / standard error of the estimate (i.e., the
standard deviation of the actual data against the data generated from the regression

Range r2/Error@)

340-700 HB 0.976 & 9.5 Lp
34.9-61.1 HRC 0.967 & £11.0 Lp
593-819 Lp 0.976 & £15 HB
38.0-66.8 HRC 0.992 and +12.5 HB

0.975 & 1.2 HRC
0.992 & +£0.56 HRC

Appendices

(Continued on next page.)

195



(Appendix D, Hardness Measurements, continued)
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Fig. D3. Comparison of curve-fitting errors between HB and Fig. D4. Comparison of curve-fitting errors between HB and Lp
HRC data. data.
Table D3
Approximate Hardness Conversion Data for AR White Cast Irons
Equotip Lp to Brinell and Rockwell C Hardness Numbers: Brinell Hardness to Equotip Lp and
Rockwell C Hardness Numbers:
Equo- HB Rock- Equo- HB Rock-
tip Lp 10/3000 well C tip Lp 10/3000 well C HB Equo- Rock- HB Equo-  Rock-
10/3000 tip, Lp well C 10/3000 tip,Lp well C
820 700 61.7 700 513 50.3
700 819 61.1 500 694 49.3
810 685 61.0 690 497 49.1
680 806 60.2 480 681 47.7
800 669 60.2 680 482 47.8
660 794 59.2 460 669 46.1
790 653 59.4 670 466 46.5
640 781 58.2 440 656 44.4
780 638 58.5 660 451 45.2
620 769 57.2 420 644 42.6
770 622 57.7 650 435 43.8
600 756 56.0 400 631 40.8
760 607 56.7 640 419 42.4
580 744 54.8 380 618 38.9
750 591 55.7 630 404 41.0
560 731 53.5 360 606 36.9
740 575 54.7 620 388 39.5
540 719 52.2 340 593 34.9
730 560 53.7 610 373 37.9
520 706 50.7
720 544 52.6 600 357 36.4
710 529 51.4 590 341 34.8
Rockwell to Brinell and Equotip Lp Hardness Numbers:
Rock- HB Equo- Rock- HB Equo-
well C  10/3000 tip, Lp well C 10/3000 tip, Lp
61.5 701 811 46.5 463 673
60 672 795 45 444 662
58.5 645 780 43.5 427 650
57 619 765 42 410 639
55.5 594 751 40.5 395 629
54 570 737 39 380 619
52.5 546 724 375 367 609
51 524 710 36 354 600
49.5 503 698 34.5 342 591
48 482 685

196

Abrasion-Resistant Cast Iron Handbook



(Appendix D, Hardness Measurements,

Table D3, continued)

Brinell to Vickers and Rockwell C (Parks, 1980):
HB Vick. Rock- HB Vick. Rock-
10/3000 HV50 well C 10/3000 HV50 well C
9001 996 69 560 610 54
880 973 69 550 599 53
860 951 68 540 587 53
840 928 67 530 576 52
820 905 66 520 565 51
800 882 65 510 553 51
780 860 65 500 542 50
760 837 64 490 530 49
740 814 63 480 519 49
720 792 62 470 508 48
700 769 61 460 496 47
680 746 60 450 485 46
660 723 59 440 474 45
640 701 58 430 462 44
620 678 57 420 451 43
610 667 57 410 440 42
600 655 56 400 428 40
590 644 56 390 417 39
580 632 55 380 406 37
570 621 55 370 394 33
(1) Brinell numbers above 630 are not recommended by ASTM.
Nevertheless, Brinell numbers up to 700 HB are industrially
accepted.
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Rockwell C to Brinell and Vickers (Parks, 1980):

Rock- HB
well C  10/3000
68 8651
67 839
66 813
65 788
64 764
63 740
62 717
61 695
60 674
59 653
58 633
57 614
56 595
55 578
54 560
53 544
52 529

(1) Brinell numbers above 630 are not recommended by ASTM.
Nevertheless, Brinell numbers up to 700 HB are industrially

accepted.

Vick.
HV50

948
920
892
866
840
814
789
765
742
719
697
676
655
635
616
598
580

Rock-
well C

51
50
49
48
47
46
45
44
43
42
41
40
39
38
37
36
35

HB
10/3000

514
500
486
473
461
450
440
430
421
412
405
398
392
386
382
378
374

Vick.
HV50

563
546
530
515
501
487
474
461
450
439
428
419
410
401
394
387
381

Vickers to Brinell and Rockwell C (Parks, 1980):

Vick. HB
HV50 10/3000
1000 857(1)
980 840
960 822
940 804
920 787
900 769
880 752
860 734
840 717
820 699
800 681
780 664
760 646
740 629
720 611
700 593

(1) Brinell numbers above 630 are not recommended by ASTM.
Nevertheless, Brinell numbers up to 700 HB are industrially

accepted.

Rock-
well C

70
69
68
68
67
66
66
65
64
63
62
62
61
60
59
58

Vick.
HV50

680
660
640
620
600
580
560
540
520
500
480
460
440
420
400
380

HB

10/3000 well C

576
558
541
523
505
488
470
452
435
417
400
382
364
347
329
312

Rock-

57
56
55
54
53
52
51
50
48
47
45
44
42
40
38
35
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Appendix E

Standards

Worldwide specifications are presented in Tables E1 through E7
(current asof 1999). Thesetablesshould beviewed asagood starting

point and not the final word.

Table E8 presents the specifications for the new European Stan-
dard EN 12513, which hasbeenissued and will probably beeffective
from 2001 onward. From then on, all national standards of the EU
member countries will not be officialy valid anymore. Table E9Q is
asynoptictable, showing the comparisonsof EN and ASTM grades.

Table E1

National Standard Designations Correlating Nearest Equivalent Grades

International France W. Germany U.K. India Sweden U.S.A.
Trade Name NF A 32-401 DIN 1695 BS 4844 IS 7925 SIS 14 04 ASTM A532
XX
IS 4771
SIS 14 05
XX
— — — — 1A 1 — —
— — — — 1B 2 — —
— — — — 1C 3 — —
Ni-Hard Type 2 FB Ni4 Cr2 BC G-X 260 NiCr 4 2 2A Type 1a. NiLCr 30/500 0512 Class |, Type B
Ni-Hard Type 1 FB Ni4 Cr2 HC G-X 330 NiCr4 2 2B Type 1a. NiLCr 34/550 0513 Class |, Type A
Ni-Hard Type 3 FB A — — — — Class |, Type C
Ni-Hard Type 4 FB Cr9 Ni5 G-X300CrNiSi952 2C+2D+2E Type 1b. NiHCr 04 57 Class |, Type D
— FB Cr12 Mo Ni — — — Class II. Type A
— FB Cr15 Mo Ni G-X 300 CrMo 15 3 Type 2. CrMoLC 28/500 — Class II. Type B
G-X 300 CrMoNi 1521 Type 2. CrMoHC 34/500 — Class Il. Type C
— FB Cr20 Mo Ni G-X 260 CrMoNi 202 1 — — Class Il.
Types D + E
— FB Cr26 Mo Ni G-X 260 Cr 27 Type 3. HCr + HCrNi 04 66 Class Ill. Type A

G-X 300 CrMo 27 1
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Table E2

France — Specifications

Specification Chemical Composition, % Hardness
No. Grade C Mn Ni Cr Cu Mo HBW
NF A 32-401- FB O 2.7-3.9 0.4-1.5 0.2-0.8 — — — — 350-500
April 1980 FB A 2.7-3.9 0.4-1.5 0.2-0.8  0.3-3.0®  0.2-2.0@ 0.3-2.0@ 0.1-1.0@ 400-600
FB Ni4 Cr2 BC 2.7-3.2 0.2-0.8 0.3-0.7  3.0-5.5® 15-25 — 0.0-1.0 450-650
FB Ni4 Cr2 HC 3.2-3.6 0.2-0.8 0.3-0.7  3.0-5.5® 15-25 — 0.0-1.0 500-700
FB Cr9 Ni5 2.5-3.6 15-2.2 0.3-0.7 4.0-6.0 5.011.0 — 0.5max 550-750
FB Cr12 Mo Ni 2.0-3.6 0.2-0.8 0.5-1.0 0.0-2.0 11.0-14.0 — 0.5-3.0 500-800
FB Cr15 Mo Ni 2.0-3.6 0.2-0.8 0.5-1.0 0.0-2.5 14.0-170 — 0.5-3.0 500-800
FB Cr20 Mo Ni 2.0-3.6 0.2-1.2 0.5-1.5 0.0-2.5 17.0-22.0 0.0-15 0.5-3.0 500-800
FB Cr26 Mo Ni 1.5-35 0.2-1.2 0.5-15%  0.0-2.5 22.0-28.0 0.0-1.5 0.5-3.0 450-650
(Hardness is specified while compositional values are for guidance)
(1) The highest hardness values apply to thin-section castings and/or shell-molded.
(2) Optional or, if necessary, as a combination.
(3) For these alloys, the Ni may be partly replaced by Cu.
(4) In order to obtain a hard austenitic structure, the percentage of Mn may be 4.0 max
Table E3
Germany — Specifications
Hardness
Special Heat Hardened
Treatment and Soft
Speci- Chemical Composition, % or As-Cast() Tempered Annealed
fication Min Min Max
No. Grade C Si Mn Cr Ni Mo HV30 (HB) HV30 (HB) HV30 (HB)
DIN- G-X 300 NiMo 3 Mg 28-35 2026 0.2-05 — 1.5-45 0.5-0.8 400 (380) 550 (500) 300 (290)
1695 G-X 260 NiCr 4 2 26-29 0.2-08 0.3-0.7 14-24 3.3-5.0 0.5 450 (430) 520 (480) —
Sept. G-X 330 NiCr 4 2 3.0-36 0.2-08 0.3-0.7 14-24 3.3-5.0 0.5 450 (430) 550 (500) —
1981 G-X 300 CrNiSi95 2 25-35 15-22 0.3-0.7 8.0-10.0 4565 0.5 450 (430) 600 (535) —
G-X 300 CrMo 15 3 23-36 0.2-08 0.5-1.0 14.0-17.0 0.72 1.0-3.0 450 (430) 600 (535) 400 (380)®
G-X300CrMoNi 1521 2.3-3.6 0.2-0.8 0.5-1.0 14.0-17.0 0.8-1.2@ 1.8-2.2 450 (430) 600 (535) 400 (380)®
G-X260 CrMoNi2021 2.3-2.9 0.2-0.8 0.5-1.0 18.0-22.0 0.8-1.2@ 1.4-2.2 450 (430) 600 (535) 420 (400)
G-X 260 Cr 27 23-29 05-15 0.5-1.5 24.0-28.0 1.2 1.0 450 (430) 550 (500) 400 (380)
G-X 300 CrMo 27 1 3.0-35 0.2-1.0 0.5-1.0 23.0-28.0 1.2 1.0-2.0 450 (430) 600 (535) 400 (380)
(1) These materials shall be supplied in the as-cast state only when no requirements are made about impact strength
(2) Can also be produced as a copper-containing alloy.
(3) Up to a max carbon content of 3.1%.
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(Appendix E, Sandards, continued)

Table E4
United Kingdom — Specifications

Speci-
fication Chemical Composition % Hardness(®)
No. Grade C Si Mn Ni Cr Mo Cu Pmax  Smax HB, min
BS 4844 1A 2.4-3.4 0.5-1.5 0.2-0.8 — 2.0 max — — 0.15 — 400
Part 1: 1B 2.4-3.4 0.5-1.5 0.2-0.8 — 2.0 max — — 0.5 — 400
1974 1c 2.4-3.0 0.5-1.5 0.2-0.8 — 2.0 max — — 0.15 — 250
BS 4844 2A 2.7-3.2 0.3-0.8 0.2-0.8 3.0-5.5 15-25 0.5 max — 0.3 0.15 500
Part 2: 2B 3.2-3.6 0.3-0.8 0.2-0.8 3.0-5.5 1.5-2.5 0.5 max — 0.3 0.15 550
1972 2C 2.4-2.8 1.5-2.2 0.2-0.8 4.0-6.0 8.0-10.0 0.5 max — 0.3 0.15 500
2D 2.8-3.2 15-2.2 0.2-0.8 4.0-6.0 8.0-10.0 0.5 max — 0.3 0.15 550
2E 3.2-3.6 1.5-2.2 0.2-0.8 4.0-6.0 8.0-10.0 0.5 max — 0.3 0.15 600
BS 4844 3A 2.4-3.0 1.0 max 0.5-1.5 0.-1.0 14.0-17.0 0.0-2.5 0.0-1.2 0.1 — 450 (as-cast)
Part 3: 3B 3.0-3.6 1.0 max 0.5-1.5 0.-1.0 14.0-17.0 1.0-3.0 0.0-1.2 0.1 — 500 (as-cast)
1974 3C 22-3.0 1.0max 0.5-15 0.-1.0 17.0-22.0 0.0-3.0 0.0-1.2 0.1 — 450 (as-cast)
3D 2.4-2.8 1.0 max 0.5-1.5 0.-1.0 22.0-28.0 0.0-1.5 0.0-1.2 0.1 — 400 (as-cast)
3E 2.8-3.2 1.0 max 0.5-1.5 0.-1.0 22.0-28.0 0.0-1.5 0.0-1.2 0.1 — 450 (as-cast)

(1) Part 1: In castings with a section thickness of greater than 50 mm (2.0 in.), HB may be 50 less than specified.
Part 2: In castings with a section thickness of greater than 125 mm (5.0 in.), HB may be 50 less than specified.

Table E5
India — Specifications
Specifica- Chemical Composition, % —Hardness, HB, min(W—
tion No. Grade C Si Mn Ni Cr Mo Smax Pmax As-Cast Hardened Annealed
1IS7925- 1 24-34 0.5-15 0.2-0.8 — 2.0 max — — 0.15 400 — —
1976 2 24-34 05-15 0.2-0.8 — 2.0 max — — 015 400 — —
3 24-3.0 0.5-15 0.2-0.8 — 2.0 max — — 0.15 250 — —

IS 4771 - Type la
1972 NiLCr 30/500 2.7-3.3 0.3-0.6 0.3-0.6 3.0-5.5 15-25 05max 0.15 0.3 500 — —
NiLCr 34/550 3.2-36 0306 0306 3.0-55 15-25 05max 0.15 0.3 550 — —

Type 1b

NiHCr 27/500 25-29 15-22 03-0.6 4.0-60 8.0-100 05max 0.15 0.3 500 — —
NiHCr 30/550 28-33 15-22 0.3-0.6 4.0-60 8.0-10.0 05max 0.15 0.3 550 — —
NiHCr 34/600 3.2-36 15-22 0.3-0.6 4.0-6.0 75-95 05max 0.15 0.3 600 — —

Type 2

CrMoHC 34/500 3.1-3.6 0.3-0.8 0.4-0.9 0.5max 14.0-18.0 25-35 0.15 0.3 500 600 380 max
CrMoLC 28/500 2.4-3.1 0.3-0.8 0.4-0.9 0.5max 14.0-18.0 25-35 0.15 0.3 500 550 380 max
Type 3

HCrNi 27/400 2.3-3.0 0.2-15 15max 1.2max 24.0-28.0 0.6 max 0.15 0.3 400 550 —
HCr 27/400 23-3.0 0.2-15 15max 0.5max 24.0-28.0 0.6 max 0.15 0.3 400 550 380 max

(1) 1S 4771 - 1972 for castings with a section thickness greater than 125 mm (5 in.), HB may be 50 less than specified.

(2) IS 7925 - 1976 composition is specified; purchaser can request specified hardness values.
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Table E6
Sweden — Specifications

Designation: HC = high carbon; LC = low carbon; GB = Great Britain

(2) Non-chilled areas of casting shall meet minimum hardness or sand-cast requirements.

(1) 90% of the minimum surface hardness level shall be maintained to a depth of 40% of the casting section, with any softer material being at
the thermal center of the casting. A sampling procedure should be established by agreement between the supplier and the purchaser.

Hardness
Specification Chemical Composition, % (As-Cast)
No. Grade (o Si Mn Cr Ni Prmax Smax HB, min
SIS 14 05 12 1971 0512 2.7-3.3 0.3-0.6 0.3-0.6 1.5-25 3.0-5.5 0.3 0.15 500
SIS 14 05 13 1971 0513 3.2-3.6 0.3-0.6 0.3-0.6 1.5-25 3.0-5.5 0.3 0.15 550
SIS 14 04 57 1971 04 57 2.8-3.3 1.5-2.2 0.3-0.6 8.0-10.0 4.0-6.0 0.3 0.15 550
SIS 14 04 66 1971 04 66 2.5 min 1.0 0.5 24.0-30.0 — — — 550
Table E7a
US.A.-ASTM A 532/ A 532M - 1993 Compositional Specifications
Chemical Composition, %
Class Type Designation C Mn Si Cr Mo Cu P S
| A Ni-Cr-HC 2.8-3.6 2.0max 0.8 max 3.3-5.0 1.4-4.0 1.0 max — 0.3max  0.15 max
| B Ni-Cr-LC 2.4-3.0 2.0max 0.8 max 3.3-5.0 1.4-4.0 1.0 max — 0.3max  0.15 max
| Cc Ni-Cr-GB 2.5-3.7 20max 0.8max 4.0 max 1.0-2.5 1.0 max — 0.3max  0.15 max
| D Ni-HiCr 25-36 20max 20max 45-70 7.0-11.0 1.5max — 0.10 max  0.15 max
I A 12% Cr 2.0-3.3 20max 15max 25max 11.0-14.0 3.0max l1l2max 0.10max 0.06 max
I B 15% Cr-Mo 2.0-3.3 20max 15max 25max 14.0-18.0 3.0max l1l2max 0.10max 0.06 max
Il D 20% Cr-Mo 2.0-3.3 2.0 max 1.0-2.2 25max 18.0-23.0 3.0max l1l2max 0.10max 0.06 max
1] A 25% Cr 2.0-3.3 20max 15max 25max 23.0-30.0 3.0max l1l2max 0.10max 0.06 max
Designation: HC = high carbon; LC = low carbon; GB = Great Britain
Table E7b
US.A. - ASTM A 532/ A 532M - 1993 Hardness Requirements
Sand Cast, min®
As-Cast or Hardened or
As-Cast and Hardened and Stress Relieved Chill Softened,
Relieved Level 1 Level 2 Cast, min®@ max
Class Type Designation HB HRC HV HB HRC HV HB HRC HV HB HRC HV HB HRC HV
I A Ni-Cr-Hc 550 53 600 600 56 660 650 59 715 600 56 660 - - =
I B Ni-Cr-Lc 550 53 600 600 56 660 650 59 715 600 56 660 - - =
I C Ni-Cr-GB 550 53 600 600 56 660 650 59 715 600 56 660 400 41 430
I D Ni-HiCr 500 50 540 600 56 660 650 59 715 550 53 600 - - =
I A 12% Cr 550 53 600 600 56 660 650 59 715 550 53 600 400 41 430
1] B 15% Cr-Mo 450 46 485 600 56 660 650 59 715 —_ = — 400 41 430
I D 20% Cr-Mo 450 46 485 600 56 660 650 59 715 - - = 400 41 430
n A 25% Cr 450 46 485 600 56 660 650 59 715 - - = 400 41 430
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Table E8
AR White Cast Irons According to European Standard 12 513

Designation of ChemicalComposition % (Mass Fraction) Vickers
Mat’l. Grades @ (Contents are max. unless range is indicated) Hardness
Symbol Number (o Si Mn P S Cr Ni Mo Cu HVnmin

High-Chromium: (23.4)

EN-GJN- EN-JN
HV600(XCr11) 3019 1.8-3.6 1.0 0.5-1.5 0.08 0.08 11.0-14.0 2.0 3.0 1.2 600
EN-GJN- EN-JN
HV600(XCr14) 3029 1.8-3.6 1.0 0.5-1.5 0.08 0.08 14.0-18.0 2.0 3.0 1.2 600
EN-GJN- EN-JN
HV600(XCr18) 3039 1.8-3.6 1.0 0.5-1.5 0.08 0.08 18.0-23.0 2.0 3.0 1.2 600
EN-GJN- EN-JN
HV600(XCr23) 3049 1.8-3.6 1.0 0.5-1.5 0.08 0.08 23.0-26.0 2.0 3.0 1.2 600

Nickel-Chromium: (24

EN-GJN- EN-JN
HV520 2029 2.5-3.0 0.8 0.8 0.10 0.10 1.5-3.0 3.055 — — 520
EN-GJN- EN-JN
HV550 2039 3.0-3.6 0.8 0.8 0.10 0.10 1.5-3.0 3.0-55 — — 550
EN-GJN- EN-JN
HV600 2049 2.5-3.5 1.5-25 0.3-0.8 0.08 0.08 8.0-10.0 4565 — — 600

Unalloyed or Low-Alloy Chilled Iron: @

EN-GJN- EN-JN
HV350 2019 2.4-3.9 0.4-1.5 0.2-1.0 — — 2.0 — — — 350

(1) The material designation by symbol is in accordance with EN 1560 with additional information in brackets regarding their chemical
composition. The material designation by number is in accordance with EN 1560

(2) Both toughness and resistance to repeated impact increase as the carbon content decreases.

(3) The microstructure of high-Cr AR cast irons depends on the cooling rate and is therefore sensitive to the casting thickness. To obtain
specific properties (within the ranges in this table) some adjustments to the percentage contents of the alloying elements given may
be necessary, depending on the casting dimensional variations.

(4) In the case of castings with low alloy contents supplied in the as-cast condition and castings with greater thicknesses, it can be difficult
to obtain the minimum hardness. The requirements for such castings should be agreed on between the manufacturer and the purchaser.
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Table E9
Comparison of EN and ASTM Grades
and Common Tradenames

Trade-
EN 12 513 Number ASTM A532 name
EN-GJN-HV350 EN-JN2019
EN-GJN-HV520 EN-JN2029 Class | Type B Ni-Cr-LC Ni-Hard 2
EN-GJN-HV550 EN-JN2039 Class | Type B Ni-Cr-HC Ni-Hard 2
EN-GJN-HV600 EN-JN2049 Class | Type D Ni-Hi-Cr Ni-Hard 2
EN-GJIN-HV600(XCrll) EN-JN2019 Class Il Type A 12% Cr
EN-GJIN-HV600(XCr14) EN-JN2029 Class Il Type B 15% Cr-Mo  15-3
EN-GJIN-HV600(XCr18) EN-JN2039 Class Il Type D 20% Cr-Mo  15-2-1
EN-GJIN-HV360(XCr23) EN-JN2049 Class Il Type A 25% Cr 20-2-1
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Appendix F
Sample Preparation for Metallography

Metallography involves sectioning and polishing a metal sample,
etchingitssurfacetorevead itscrystallinestructure, and then analyz-
ing the nature of this structure. Tables F1 and F2 should help in
choosing the proper etchant.

Abrasion-resistant ironsare usually some of the easiest materials
tometallographically polish, but someof themost difficult to cut and
section for metallography. This latter problem has slowly receded
with the use of slow-speed tungsten-tipped band saw blades to
section larger castings down to size, and then the use of electro-
discharge-machining (EDM) to prepare plugsfor subsequent mount-
ing and polishing.

Sample Preparation and Mounting

Itisdifficult to surpassthe efficiency of EDM for the preparation of
metallographic samples from hard, carbide-containing materials. In
most cases, a section of the casting can be broken or “torched” into
asmall enough chunk to fit within a standard EDM tank. From this
point forward, a number of EDM technologies are available, from
simpledrill pressconfigurationsto 5-axis computer numeric control
(CNC) machines.

For metallographic purposes, our preferenceisto EDM asmall-
diameter cylinder (i.e., 5 mm/0.25 in. dia by 25 mm/1.0 in. long)
using agraphite/copper thin-wall tube electrode. Thissmall cylinder
can then easily be sectioned using a high-speed abrasive wheel, and
mounted in Bakelite™ or epoxy for subsequent polishing. Figure F1
shows a phaotograph of how such a sample would be mounted.

The utility of mounting a sample in this configuration is that
orthogonal planes of the alloy’ s microstructure are presented within
one mount. For AR cast irons, thistype of metallographic approach
canprevent themetall ographer from making fal seassumptionsabout
the alloy’s microstructure (e.g., spherical carbides).

Grinding and Polishing
Abrasion-resistant cast irons present some of the easiest ferrous
materials to metallographically prepare. If only a quick and dirty
metallographic analysis is required, grinding and polishing can be
accomplished in four steps:

1. Coarsegrind, using 150-mesh paper (see Table F3for matchingmesh

to abrasive particle size classifications).

2. Subsequent grinding operation using 280- or 320-mesh papers.

3. Fina grind using 600-mesh paper.

4. Simple polish using 6 um diamond paste on rotating cloth wheel.

This quick sequence produces acceptable metallographic sur-
faces in a matter of minutes. If high-resolution microscopy (above
500X) is desired, additional polishing steps are required. For ex-
ample, the last 6 um polish stage is followed by 1 pm and then 0.25
pm polishing stages. Alternatively, vibratory polishing produces
scratch-free surfaces if timeis not of essence.

It should be kept in mind that there is no one “right” way to
metallographically grind and polish samples. This brief section is
merely meant toillustrate one popul ar techniquethat hasbeen shown
to be effective for AR cast irons.

Table F1
General Metallographic Etchants to Reveal White Iron Microstructures

Etchant Chemical Composition

Vilella’s reagent 5 ml HCI, 1 ml picric acid,
100 ml ethyl or methyl alcohol
(95% or absolute)

2% nital 2 ml HNOg, 98 ml ethyl
or methyl alcohol (95% or

absolute; also amyl alcohol)

(1) Any of these etchants can be used to reveal microstructure.

Remarks

Swab or immerse
from a few to 30
seconds to reveal
structure

Swab from a few
to 15 seconds

to reveal structure.

Uses®

High-Cr irons: stains austenite

a light yellow color and darkens martensite.
Reveals Mo,C carbides along austenite grain
boundaries.

Good general etchant for

Ni-Hard 1, 2 and 4 alloys.

Gives maximum contrast between pearlite
and other phases. Is not recommended for
as-cast high-Cr irons or other austenitic or
ferritic grades of AR cast irons.
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(Appendix F, continued)
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Table F2
Specific Metallographic Etchants to Reveal Various Carbide Structures

Etchant

Alkaline picrate

Murakami(@

Chromic acid
electrolytic etch

Sodium hydroxide
saturated with potas-
sium permanganate

types.

Chemical Composition

picric acid
sodium hydroxide
water

potassium ferricyanide
potassium hydroxide
water

chromic acid
water

4% sodium hydroxide
solution saturated with
potassium permanganate

A = attacked; NA = not attacked.

M3C M-C3
29 A NA®
259
100 cm3
10g NA A
109
100 cm3
1gNA A NA
100 cm3

NA A

(1) Lower chromium carbides are preferentially attached.

(2) This stain does a superb job differentiating between the various carbides, especially the M3;C and M;Cs

M23Cs  MeC M>C
NA® NA® A
A A A
NA A
NA A A

Fig. F1. Photograph showing a preferred method for
sectioning and mounting a 5x25 mm (0.25x1.0 in.) pin

in Bakelite or epoxy.

Mesh and Grit Sizes for Abrasive Particles

Table F3

Grit No. U.S.A.
(mesh) Sieve Series
50 350
60 270
80 190
120 115
150 80
180 70
220 62
240 54
280 35
320 29
400 23
600 17

Particle Size (RMS, um)

FEFPA®
Commercial F-Series P-Series
324
274
194
115
97
81
58
49 49.3 58.5
41 415 52.2
34 34.4 46.2
29 23.0 35.0
20 14.3 22.8

(1) Federation Europeane des Fabriacants des Produits Abrasifs.
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Appendix G
Calculating Superheat for AR Cast Irons

The purpose of this section is provide quick reference tables for
calculation of liquidus start temperatures for standard commercial
grades of AR cast irons. All equations were derived from the data
provided in Arnold and Sare, “A Therma Anaysis Study of Alloy
White Cast Irons,” The Foundryman, vol. 80, pp. 330-335 (1987).

Table G1 gives the applicable chemistries and base equations
used to generate the subsequent superheat tables. TablesG1 and G2
are specified by theiron’ sbase chromium content. For ironsthat fall
outside of this Cr content, liquidus temperatures can be directly
calculated based on the Fe-Cr-C ternary phase diagram provided in
Chapter 2, Solidification. TableG2will providetheausteniteliquidus
temperatures.

Table G1
Applicable Chemistries and Superheat Equations for Typical AR Cast Irons®)

Applicable Chemistry

Liguidus Temperature(

Eutectic Temperature®)

Alloy Type Ranges (Wt%) °C °C (°F)

C Cr
Ni-Hard 1 & 2 25-43 1.5-25 1556 — 94.4 - %C 1150 (2100)
Ni-Hard 4 2.0-3.7 7.5-9.0 1486 — 85.3 - %C 1170 (2138)
ASTM Il B-15% Cr 2.0-35 14.0-16.0 1500 - 80.0 - %C 1220 (2228)
ASTM Il D—20% Cr 2.0-3.4 18.0-20.0 1446 — 60.7 - %C 1240 (2264)
ASTM Il A-25% Cr 2.0-2.8 24.0-26.0 1485 - 75.0 - %C 1275 (2327)@

(1) Data courtesy of B.K. Arnold and I.R. Sare, “A Thermal Analysis Study Of Alloy White Cast Irons,” The
Foundryman, vol. 80, pp. 330-335 (1987).

(2) Accuracy of equations is estimated to be within 10°C of the equilibrium temperature.

(3) The ternary Fe-Cr-C liquidus surface (W.R. Thorpe and B. Chicco, “The Fe-Rich Corner of the Metastable C-
Cr-Fe Liquidus Surface,” Metall. Trans. A., vol. 16A, pp. 1541-49, 1985) should be consulted for more accurate
data.

(4) The 25% Cr iron has a very broad eutectic valley. According to Arnold and Sare (1987), the eutectic valley
stretches from 2.8 to 3.2% carbon.

Table G2

Approximate Austenite Liquidus Temperatures in °C (°F)
Carbon Ni-Hard 1 & 2 Ni-Hard 4 ASTM II B, 15% Cr ASTM Il D, 20% Cr ASTM Il A, 25% Cr
% 1.5-2.5% Cr 7.5-9.0% Cr 14.0-16.0% Cr .18.0-20.0% Cr 24.0-26.0% Cr
2 — 1315 (2400) .......... 1340 (2444) ........... 1325 (2416) .......... 1335 (2435)
21 — 1307 (2385) .......... 1332(2430) ........... 1319 (2405) .......... 1328 (2422)
22 —_— 1298 (2369) .......... 1324 (2415) ........... 1312 (2395) .......... 1320 (2408)
23 — 1290 (2354) .......... 1316 (2401) ........... 1306 (2384) .......... 1313 (2395)
24 ... —_— 1281 (2339) .......... 1308 (2386) ........... 1300 (2373) .......... 1305 (2381)
25 ..o 1320 (2408) ........ 1273 (2323) .......... 1300 (2372) ........... 1294 (2362) .......... 1298 (2368)
26 ... 1311 (2391) ........ 1264 (2308) .......... 1292 (2358) ........... 1288 (2351) .......... 1290 (2354)
27 . 1301 (2374) ........ 1256 (2293) .......... 1284 (2343) ........... 1282 (2340) .......... 1283 (2341)
28 ... 1292 (2357) ........ 1247 (2277) .......... 1276 (2329) ........... 1276 (2329) .......... 1275 (2327)
29 ... ... 1282 (2340) ........ 1239 (2262) .......... 1268 (2314) ........... 1270 (2318)
3 1273 (2323) ........ 1230 (2247) .......... 1260 (2300) ........... 1264 (2307)
31 .. 1263 (2306) ........ 1222 (2231) ... ..., 1252 (2286) ........... 1258 (2296)
32 ... 1254 (2289) ........ 1213 (2216) .......... 1244 (2271) ........... 1252 (2285)
33 ... 1244 (2272) ........ 1205 (2200) .......... 1236 (2257) ........... 1246 (2274)
34 ... 1235 (2255) ........ 1196 (2185) .......... 1228 (2242) ........... 1240 (2263)
35 ... 1226 (2238) ........ 1187 (2170) .......... 1220 (2228)
36 ..., 1216 (2221) ........ 1179 (2154)
37 1207 (2204) ........ 1170 (2139)
38 ..., 1197 (2187)
39 ..., 1188 (2170)
4 ... 1178 (2153)
41 ... ... 1169 (2136)
42 ... 1160 (2119)
43 ... ... 1150 (2102)
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Appendix H
Fluidity Measurements

Thisappendix was developed from work authored by B. T Hodge of
the Durametal Corporationin Muncy, Pennsylvaniain cooperation
with the AFS 5-D Technical Committee. The complete work can be
found in AFS Transactions, vol. 107, pp. 743-749, 1999.

An dloy’s fluidity is often thought of as a physical property,
much akin to its liquidus and solidus temperatures. In foundry
practice, fluidity has no simple clean definition. Over the years, an
aloy’s fluidity has come to denote its ability to flow within the
confinesof anarrow horizontal channel. Thisfoundry definition has
little to do with the more classical definition of fluidity as the
reciprocal of viscosity. For example, molten steel’ sviscosity varies
only dlightly with temperature yet its fluidity is known to vary
significantly with temperature (SCRATA).

When foundrymen ask about an alloy’ sfluidity, they want know
how the aloy will flow or, more directly, whether or not it will fill
their mold. To address these concerns, the concept of maximum
fluidity length (Feliu et a., 1962) was developed to quantitatively
indicate the maximum distance the metal can flow within achannel.
In the tests described in this report a standard fluidity spiral (AFS,
1989) is used to measure this maximum fluidity length (Fig. H1).
This length is then reported as the fluidity of a specific abrasion
resistant cast iron.

Fluidity measurements were made on a wide range of abrasion
resistant irons. Most of the samples have compositions which fall
withintherange of the gradeslistedin ASTM 532 (1993). However,
some sampleswere nonstandard compositions. M easurementswere
made at participating foundries under foundry conditions using sand
molds created from the same fluidity spiral pattern that was passed
from foundry to foundry.

Foundries participating in the project include: Durametal Corpo-
ration, Muncy, PA, Eagle Foundry Co., Eagle Creek, OR, Columbia
Steel, Portland, OR, Weatherly Casting and M achineCo., Weatherly,
PA, Texaloy Foundry, Floresville, TX, and GIW Industries, Inc.,
Grovetown, GA. Additional technical and analytic support was
provided by the National Research Council, Albany, OR, Climax
Research Services, Farmington Hills, M1, and Predictive Engineer-
ing, Inc. Corvallis, OR.

0.4 dlia. vent leading
vpward through cope =
from erd of spira/

Design of
Fluidity
Spiral

|
Section A-A

Fig. H1. Design of fluidity spiral and gating system.
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Multiple-linear regression analysiswas used to describe correlation
between chemistry, pouringtemperatureandfluidity. Whendatawas
grouped into sufficiently narrow rangesof composition, theresulting
equations showed outstanding predictive capability. For ease of use,
these equations are presented in aformat that allows the calculation
of fluidity based on pouring temperature and chemistry.

Table H1 gives a list of the raw data collected during this
experiment. A total of 41 spiralswere poured. Chromium content of
these alloys ranged from 1% to 39%. For brevity, phosphorus and
sulfur are not included in the report. However, in al samples,
phosphorus was below 0.05%. Sulfur was not reported for al
samples, but is assumed to be below the limits specified in ASTM
A532.

TheinformationinthisA ppendix should beuseful tofoundrymen
who must make castings with abrasion resistant irons. It would be
most desirable to predict the fluidity of an aloy in the simplest
possible way. An initial attempt was made to correlate fluidity to
superheat and freezing range, becausethey haveanintuitiverel ation-
shiptofluidity. Superheat (temperature above freezing point) would
seemmoredirectly related to fluidity than absol ute pouring tempera-
ture. Freezing range (liquidus minus solidus temperatures) would
seem to be a good indicator of how close the composition is to a
eutectic “ spike” inthefluidity curve. Thisapproach also helps solve
the rather messy problem one has to deal with by having so many
elements of significance in AR iron compositions; they are al
factored in to the liquidus and solidus temperatures.

Thereremainstheproblem, however, of determiningliquidusand
solidus temperatures. Few, if any, production foundries have DTA
equipment to determine liquidus and solidus temperatures. Litera-
tureis available that can be used to determine liquidus and solidus
temperatures from C and Cr composition (Arnold and Sare, 1987).
However, many of the A532 grades contain significant amounts of
elements other than C and Cr. This approach would also require a
three-step process for the foundryman to determine fluidity: (1)
determine liquidus and solidus temperatures from composition; (2)
determine freezing range and superheat; and (3) determine fluidity.

After additional analysis, it was determined that correlation as good
or better could be obtained directly by using chemistry and pour
temperature as independent variables, and fluidity asthe dependent
variable. Chemistry and pour temperature are the variables most
easily and directly measured by thefoundry, and thus, presenting the
relationshipsin thisway seemsto be most useful from auser point of
view.

As previously suggested, multiple variable, linear regression
analysis was used to determine the rel ationships between composi-
tion, pour temperature and fluidity. The specific software package
used was Microsoft Excel '97. Empirically, it was determined that
the best correlation could be obtained by splitting the data set into
three subgroups: 1-4% Cr, 7-15% Cr and 20-39% Cr. Empirically,
Mo and Cu appeared to have very little effect on fluidity, so thefinal
regression analysis was made using pouring temperature, C, Cr, Si,
Mn and Ni as the independent variables, and spira length the
dependent variable.

Calculations showed acorrel ation (R2) of between 95% and 98%
for each of thethreedatagroups. However, given thelimited number
of datasetsin each group, the 95% confidenceinterval for each of the
coefficientsisquitelarge. Infact, the number of datapointsinthe 7—
15% Cr group was only seven. This is only one larger than the
minimum number needed to calculate an “exact” solution. (Recall
from basic linear algebra that the minimum number of data sets

Abrasion-Resistant Cast Iron Handbook



(Appendix H, continued)

needed to solve asystem of linear simultaneous equationsisegual to
the number of independent variables.) For this set of data, a confi-
dence interval could not even be calculated due to the minimal
number of data sets.

Results of the regression analyses are shown in Tables H2-H4.
Figures H2—H4 show plots of spiral length versus pour temperature
for both the actual spiral length and the spiral length predicted by the
regression equations.

The relationships in Table H5 are offered for fluidity of white
ironswithin therange of chemistries shown. Caution should be used,
however, given the limited amount of data used in calculating these
coefficients, especialy for the 7-15% Cr compositions.

As has been emphasized, the 95% confidence interval of the co-
efficientsin TableH5islargely dueto thelimited number of sample

points available for analysis. It is suggested that additional data
would helpimprovetheaccuracy of the coefficientsintheequations.

Probably the most difficult part of collecting accurate dataisin
obtaining reliabletemperaturereadings. Asexperienced foundrymen
know, ladle transfer and pouring must occur quickly in order to
prevent significant heat loss. Moreover, thethermal gradientswithin
aladleof iron can besignificant, ontheorder of 25-50°C, especially
if teapot ladlesareused. Furthermore, fluidity lengthisvery sensitive
to pouring temperature. Given al this, it is important to take pains
that accurate temperature measurements are taken when pouring
spirals. It is suspected that temperature measurement technique is
probably amajor source of what variationsthereareinthedata. This
might be an areafor further investigation. For instanceaGage R& R
study might be devised to determinetherepeatability of temperature
and spiral length at each foundry.

Table H1
Experimental Raw Data

SL
Fdy. Alloy C Si Mn Cr Mo Ni Cu PT LT ST (in.)
1 A A (1) 2.52 0.74 0.72 28.18 0.650 0.770 0.070 1498 1283 1272 30.0
2 A A (1) 2.52 0.74 0.72 28.18 0.650 0.770 0.070 1509 1283 1272 35.5
3 A IIE 3.09 0.64 0.66 20.05 1.980 0.180 0.970 1461 1255 1238 335
4 A IIE 3.09 0.64 0.66 20.05 1.980 0.180 0.970 1462 1255 1238 34.0
5 A IIE 3.09 0.64 0.66 20.05 1.980 0.180 0.970 1472 1255 1238 355
6 A 1A (2) 2.85 0.68 0.66 25.69 0.210 0.300 0.100 1468 1285 1268 30.0
7 A 1A (2) 2.85 0.68 0.66 25.69 0.210 0.300 0.100 1492 1285 1268 30.0
8 A 1A 3.28 0.64 0.41 211 0.190 4.420 0.044 1426 1240 1120 29.0
9 A 1A 3.28 0.64 0.41 211 0.190 4.420 0.044 1445 1240 1120 30.5
10 B A 2.59 0.86 0.96 26.21 0.260 1.060 0.120 1452 1268 1260 325
11 B A 2.59 0.86 0.96 26.21 0.260 1.060 0.120 1443 1268 1260 28.5
12 B A 2.59 0.86 0.96 26.21 0.260 1.060 0.120 1375 1268 1260 225
13 B A 2.59 0.86 0.96 26.21 0.260 1.060 0.120 1333 1268 1260 17.5
14 B Non-Std. 3.96 0.6 2.63 39.09 0.330 0.500 0.044 1518 1399 1269 10.0
15 B Non-Std. 3.96 0.6 2.63 39.09 0.330 0.500 0.044 1474 1399 1269 6.0
16 B Non-Std. 3.96 0.6 2.63 39.09 0.330 0.500 0.044 1401 1399 1269 35
17 B ID 3.24 1.92 0.59 9.15 0.270 5.520 0.260 1376 1203 1168 35.5
18 B ID 3.24 1.92 0.59 9.15 0.270 5.520 0.260 1244 1203 1168 125
19 B ID 3.24 1.92 0.59 9.15 0.270 5.520 0.260 1228 1203 1168 9.5
20 C 1A 3.74 0.57 0.45 1.85 0.320 3.350 0.046 1383 1200 1110 29.0
21 C 1A 3.74 0.57 0.45 1.85 0.320 3.350 0.046 1509 1200 1110 425
22 C 1A 3.74 0.57 0.45 1.85 0.320 3.350 0.046 1489 1200 1110 41.0
23 C 1A 3.64 0.53 0.44 1.86 0.280 3.440 0.055 1431 1125 1066 32.0
24 C 1A 3.64 0.53 0.44 1.86 0.280 3.440 0.055 1424 1125 1066 315
25 C 1A 3.64 0.53 0.44 1.86 0.280 3.440 0.055 1297 1125 1066 12.0
26 C 1A 3.64 0.53 0.44 1.86 0.280 3.440 0.055 1291 1125 1066 12.0
27 C 1A 3.55 0.56 0.43 1.79 0.300 3.360 0.057 1497 1166 1067 325
28 C 1A 3.55 0.56 0.43 1.79 0.300 3.360 0.057 1490 1166 1067 29.0
29 C 1A 3.55 0.56 0.43 1.79 0.300 3.360 0.057 1354 1166 1067 17.0
30 C 1A 3.55 0.56 0.43 1.79 0.300 3.360 0.057 1347 1166 1067 16.5
31 D Non-Std. 3.38 1.32 0.49 3.40 0.040 4.410 0.110 1448 1212 1088 315
32 D Non-Std. 3.38 1.32 0.49 3.40 0.040 4.410 0.110 1360 1212 1088 27.0
33 D Non-Std. 1.79 1.46 0.8 35.02 0.740 1.460 0.430 1487 1337 1285 16.5
34 D Non-Std. 1.79 1.46 0.8 35.02 0.740 1.460 0.430 1432 1337 1285 11.0
35 D IA 3.37 0.67 0.54 2.88 0.020 4.180 0.110 1448 1219 1095 26.0
36 D IA 3.37 0.67 0.54 2.88 0.020 4.180 0.110 1368 1219 1095 20.5
37 D IA 3.37 0.67 0.54 2.88 0.020 4.180 0.110 1324 1219 1095 18.5
38 D ID 3.11 1.68 0.61 7.12 0.200 5.380 0.160 1484 1227 1150 30.0
39 D ID 3.11 1.68 0.61 7.12 0.200 5.380 0.160 1365 1227 1150 16.0
40 D 1B 3.14 0.66 0.98 15.32 0.810 1.030 0.860 1434 1222 1216 29.0
41 D 1B 3.14 0.66 0.98 15.32 0.810 1.030 0.860 1354 1222 1216 8.0

All temperatures are Celsius. PT = Pour Temperature; LT = Liquidus Temperature; ST = Solidus Temperature. SL = Spiral Length.
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Fig. H2. Line fit plot of spiral length vs. pour temperature for
1-4% Cr irons.

Table H2
Regression Analysis for 1-4% Chromium Irons

Regression Statistics:
Multiple R ... ... 0.975406901
RSquare ......... . 0.951418623
Adjusted RSquare ......... ... ... i 0.924919691
Standard Error . ........... .. 2.422201474
Observations .............c.iiiii 18
ANOVA:
df SS MS F Significance F

Regression 6 1263.906785 210.6511 35.90404 1.33687E-06
Residual 11 64.53765981 5.86706
Total 17 1328.444444

Coefficients Standard Error t Stat P-value Lower 95% Upper 95%
Intercept —381.2112442 53.74314735 —7.09321 2.01E-05 —499.4991738 —262.9233
Mn 93.36435486 161.2915209 0.578855 0.574349 —261.6360686 448.36478
Ni 21.44902999 6.95930093 3.082067 0.010433 6.131704168 36.766356
Si 16.69373903 25.04360801 0.666587 0.518773 —38.42689844 71.814377
C 47.6417703 10.50663311 4.534447 0.000852 24.51681505 70.766726
Cr -15.41612408 22.05887485 —0.69886 0.499148 —63.96740482 33.135157
PT (C) 0.106609928 0.009911325 10.75637 3.55E-07 0.084795238 0.1284246
RESIDUAL OUTPUT:

Predicted Actual

Observation Length (in.) Length (in.) Difference
1 31.7 325 0.8
2 31.0 29.0 -2.0
3 16.6 17.0 0.4
4 15.7 16.5 0.8
5 29.2 29.0 -0.2
6 42.7 42.5 -0.2
7 40.6 41.0 0.4
8 29.4 32.0 2.6
9 28.7 315 2.8
10 15.0 12.0 -3.0
11 14.4 12.0 -2.4
12 28.7 29.0 0.3
13 30.8 30.5 -0.3
14 29.0 26.0 -3.0
15 20.4 20.5 0.1
16 15.7 18.5 2.8
17 34.0 315 -25
18 24.5 27.0 2.5 (Continued on next page.)
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(Appendix H, continued)

Table H3
Regression Analysis for 7-15% Chromium
Regression Statistics:
Multiple R .. ... 0.967534544
RSquare .......... i 0.936123093
Adjusted RSquare .............iiiiiiin.. 65535
Standard Error . ... .. 0
Observations . ...........iii 7
ANOVA:
df SS MS F Significance F
Regression 6 699.9526098 116.6588 0 #NUM!
Residual 0 47.76167593 65535
Total 6 747.7142857
Coefficients Standard Error t Stat P-value Lower 95% Upper 95%
Intercept —161.0945519 0 65535 #NUM! -161.0945519  -161.094552
Mn —4.513060057 0 65535 #NUM! —4.513060057 —4.51306006
Ni —14.25149167 0 65535 #NUM! —14.25149167  -14.2514917
Si 82.24104235 0 65535 #NUM! 82.24104235 82.2410423
C —48.80118561 0 65535 #NUM! —48.80118561  -48.8011856
Cr 4.800048584 0 65535 #NUM! 4.800048584 4.80004858
PT (C) 0.169853857 0 65535 #NUM! 0.169853857 0.16985386
RESIDUAL OUTPUT:
Predicted Actual
Observation Length (in.) Length (in.) Difference
1 33.1 30.0 -3.1
2 12.9 16.0 3.1
3 35.0 35.5 0.5
4 12.6 12.5 -0.1
5 9.9 9.5 -0.4
6 25.2 29.0 3.8
7 11.8 8.0 -3.8
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Fig. H3. Line fit plot of spiral length vs. pour temperature for
7-15% Cr irons.
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Fig. H4. Line fit plot of spiral length vs. pour temperature for
20-39% Cr irons.
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Regression Analysis for 20-39% Chromium

Table H4

Regression Statistics:
Multiple R .. ... .. 0.990691769
RSquare ....... ... . . . 0.981470182
Adjusted RSquare .............. ... 0.96911697
Standard Error . ... . 1.957821908
ODbSErvationS .. .... it 16
ANOVA:
df SS MS F Significance F

Regression 6 1827.236775 304.5395 79.45061 2.78228E-07
Residual 9 34.49759962 3.833067
Total 15 1861.734375

Coefficients Standard Error t Stat P-value Lower 95% Upper 95%
Intercept —84.3507223 460.3151644 —-0.18325 0.858667 —1125.656762 956.95532
Mn —11.09433998 109.5800039 -0.10124 0.921576 —258.9817196 236.79304
Ni 14.6372801 79.061096 0.185139 0.857225 -164.2114808 193.48604
Si —17.37965317 28.98845112 —0.59954 0.563601 —82.95613549 48.196829
C 6.8966554 133.2645095 0.051752 0.959857 —294.5688391 308.36215
Cr —0.908973242 4.004658811 —0.22698 0.825512 -9.96814776 8.1502013
PT (C) 0.089710204 0.014332594 6.259174 0.000148 0.0572876 0.1221328
RESIDUAL OUTPUT:

Predicted Actual
Observation Length (in.) Length (in.) Difference
1 11.4 10.0 -1.4
2 7.4 6.0 -1.4
3 0.8 35 2.7
4 16.2 16.5 0.3
5 11.3 11.0 -0.3
6 32.3 30.0 -2.3
7 33.2 35.5 2.3
8 29.8 325 2.7
9 29.0 28.5 -0.5
10 23.0 22.5 -0.5
11 19.2 17.5 -1.7
12 28.9 30.0 11
13 311 30.0 -1.1
14 34.0 335 -0.5
15 34.1 34.0 -0.1
16 35.0 355 0.5
Table H5
Relationships for Fluidity

Fluidity +%Mn x +%Ni x +%Si x +%C x +Cr x + PT (C) x
(in.) = Intercept Coefficient  Coefficient  Coefficient Coefficient Coefficient  Coefficient
1-4% Cr alloys -381.2 93.4 21.4 16.7 47.60 -15.4 0.107
7-15% Cr alloys -161.1 -4.5 -14.2 82.2 —-48.80 4.8 0.170
20-39% Cr alloys -84.3 -11.1 14.6 -17.4 6.90 —0.909 0.090
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Glossary

Terms in Glossary

(First, and sometimes second, citing in parentheses)

AlphaFerrite (see: Delta Ferrite)

Ball and Tumbling Mills (Ch. 5)

Carbon Equivalent (Ch. 2)

Cementite (Ch. 1)

Columnar or Equiaxed Growth (Ch. 2)

Constituents and Phases (Ch. 1)

Corrosion (Ch. 1 and Ch. 9)

Deltaand Alpha Ferrite (Ch. 2, Ch. 3)

Differential Thermal Analysis (see: DTA Thermogram)
Dislocation Movement (Ch. 5)

DTA Thermogram (Ch. 2)

Elastic Strain (see: Dislocation Movement)

Electron Microprobe (Ch. 2)

Epsilon Carbide (Ch. 5)

Equiaxed Growth (see: Columnar or Equiaxed Growth)
Equilibrium Phase Diagram (see Metastable Phase Diagram)
Eutectic (Ch. 1)

Eutectic Colony (Ch. 2)

Gibbs Free Energy

Hypereutectic (see: Hypoeutectic) (Ch. 2)

Hypoeutectic (Ch. 2)
Ledeburite (Ch. 1)
Malleable Iron (Ch. 5)

Metastable Phase Diagrams (No citing exactly) (see Ch. 5 under
Transformation Diagrams; only says “Metastable Phase”)

Oxidizing and Reducing Environments (Ch. 9)
Pearlite (Ch. 1)

Peritectic Reactions (Ch. 2)

Phase Diagram (Ch. 2)

Plastic Strain (see: Dislocation Movement)
Potentiostat (Ch. 9)

Primary Carbides (see: Proeutectic Austenite)
Proeutectic Austenite and Primary Carbides (Ch. 2)
Scanning Electron Microscopy (Ch. 1)
Stainless Steels (Ch. 1, Ch. 5)

Stoichiometry (Ch. 2)

Superheat (Ch. 1)

Transformation Diagram (see: Phase Diagram)
Tumbling Mills (see: Ball and Tumbling Mills)

Wavelength Dispersive Spectrometry (WDS) Analysis (see: Elec-
tron Microprobe)

See page 213 for complete Glossary —
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Glossary
AlphaFerrite (see: Delta Ferrite)
Ball and Tumbling Mills: A tumbling mill is essentially a large

barrel, rotating onahorizontal axis. Ball millsusethemomen-
tum of steel grinding balls (up to 14 kg) to crush the ore. In
autogenous (AG) mills, size reduction is achieved by the
momentum of thelarger piecesof ore, whilein semiautogenous
(SAG) mills, thisactionisassisted by asmall volumefraction
of balls. AG and SAG millstend to be very large, commonly
10 m in diameter. In grinding moisture-sensitive materials,
suchascement, grindingisperformed dry, butinmost mineral
operations, the oreisintroduced asaslurry.

Carbon Equivalent (CE): Metallurgists have long known that

certain aloying elements can mimic the effect of carbon in
graphitic irons. This effect can be seen graphically in Fig. 1,
provided by Neumann (1968), showing the effect of various
elements on the changein C solubility. Asthe Por Si content
isincreased, the solubility of Cin the molten iron decreases.
Conversely, the exact opposite effect occurs when V and Cr
are added. (We could also say that P and Si increase the
activity coefficient of C iniron while VV and Cr decrease its
activity coefficient.) In short, the effect of P and Si can be
taken into account for graphitic irons by the simple formula:
CE = %C + 1/3% Si + 1/4% P. For Fe-C iron aloys that
solidify white or carburitic: CE = %C + 1/9% Si + 1/3.5% P
(A. Moore, “Carbon Equivaent of White Cast Irons,” AFS
Cast Metals Research Journal, vol. 8, pp. 15-19, 1972.) We
canalsogiveanother equationfor theeffect of V and Cr. Inthis
case, theequationis: CE = %C — 1/10% V — 1/20% Cr. The
whole pointisthat the CE formulamust be used carefully and
appropriately. For example, due to solidification dynamics,
the CE formulafor the effect of Si is not applicable to low-
alloy AR cast irons (basically mixtures of iron and carbon)
and, at high Cr content, the effect of Si iscompletely masked
by Cr's countereffect.

20~

Charge on C sxlibility %
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S 1480 G
L HH
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SiC wturation
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b 10 15 20 25

wi. % of allaying element

Cementite: Thisisthe common metallurgical namefor the eutectic

M3C carbide that forms in low-alloy AR cast irons, as a
product of the eutectic solidification reaction of L O yFe +
M3C. Pearlitic, chill-cast and Ni-Hards 1 and 2 irons all
contain this carbide. Some sources give the formulafor this
carbide as FesC. However, common alloying elements (e.g.,
Cr, Mo and Mn) are soluble within the carbide crystalline
structure and, therefore, the correct formulaisMsC, whereM
indicates a mixture of Fe and the other soluble alloying
elements.

Columnar or Equiaxed Growth: Using Fig. 2, we cantake aquick

look at how the macrostructure is formed during solidifica-
tion. As the hot metal flows into the mold, solidification
occurs almost immediately along the cold sand. If theflow is
brisk, thesegrowingdendriteswill break off and moveintothe
melt as*“ seeds’ for later growth. If the melt is somewhat cool,
these detached small chunks of frozen metal, will stay frozen
and initiate the growth of eutectic colonies or other dendrites.
Since these new growths are not constrained, they can grow
pretty much anyway they want to. In the case of eutectic cell
growth, the equiaxed growth will result in many fine eutectic
grains that are actually more cylindrical than spherical (see
e.g., Fig. 2.4). If there is high superheat, the little frozen
chunkswill remelt and theinitial growth from the mold wall
will continue inward, toward the center of the casting. This
type of unidirectional growth is caled columnar growth,
while unconstrained free growth is called equiaxed growth.
Besides superheat, alloy composition and the use of tiny bits
of solid particles (e.g., inoculates) can hinder or promote
columnar or equiaxed growth in a casting.

Congtituentsand Phases: Classically, constituent means* an essen-

[ 8P

tial part,” and this is a good place to start the definition.
Metalurgicaly, constituent is used to denote a structure
within a material that has a distinct morphology, crysta
structureand chemistry. Itisarigorousdefinitionthatisrarely
metinmany alloys. For example, thepresenceof ferritegrains
within an austenitic matrix does not imply that theferriteisa
separate constituent. That is, ferrite does not have a distinct
morphology or distinct chemical differences over that of
austenite. In this case, ferrite is noted to be a different phase
within the iron but not as a distinct constituent; whereas,
carbides are classed as distinct constituents within the iron

Fig. 1. Influence of various alloying elements on the solubility
of carbon in liquid iron. (Courtesy of Newman, 1968)

Fig. 2. Columnar vs. equiaxed growth mechanisms. (Courtesy
of Springer-Verlag)
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since they are of distinct morphology, crystal structure and
chemistry. Thisisanal ogousto compositeterminology, where
the fiber reinforcement is considered a distinct constituent
from the epoxy matrix. This definition may seem a little
pedantic, but it helps to clarify the importance of having
distinct constituents versus distinct phases within your iron.

Corrosion: Corrosion is the process of gradual wearing away of a

material by chemical means. For ferrous-based materials, itis
thedi sassoci ation of the metallic bondsbetween the Featoms,
allowing the release of free Fe atoms into the chemical
solution. A by-product of thisreactionisthechemical reaction
of these free Fe atomswith O, to form rust. Rust isacomplex
compound of Fe,Oy atoms in non-stoichiometric parts.

Delta(d) and Alpha(a) Ferrite: When pureiron solidifiesat 1539C

(2802F), it forms as a ferrite body centered cubic (BCC)
crystallinestructure. Asthe pureiron coals, it remainsferritic
down to 1400C (2552F). At thistemperature, it transformsto
austenite (y) (i.e., 0Fe 0 yFe), which remains stable down to
910C (1670F), whereit transformsback toferrite (i.e., yFe O
aFe). Historically, when these transformations where de-
tected, it was not known that the crystalline structure between
1539 and 1400C wasthe same asthe one below 910C. Hence,
they got two different names: dFe for the high temperature
form (liquid O &Fe) and aFe for the low temperature form
(yFe O aFe). When the composition of the alloy is such that
the initial solidification reaction of liquid O dFe is all that
occursasthealloy coolsto room temperature, then the correct
name for the ferrite phase is delta (8F€) and not apha (aFe)
ferrite.

Differential Thermal Analysis (see: DTA Thermogram)

Dislocation M ovement: There are many fine metallurgy booksthat

provideextensiveinformation about dislocationsand disloca-
tion movement (e.g., R.E. Reed-Hill, 1973). Inthemeantime,
think of dislocations as small movements within the crystal
lattice that allow the accommodation of plastic strain. For
example, when a load or force is applied to a material, the
material can behave elastically or plastically. If loaded elas-
tically, thematerial will rebound or revert toitsoriginal shape
after theloadisapplied. If loaded plastically, thematerial will
“plastically” flow andwill not revert toitsoriginal shape. This
mechanism of plastic flow isseenin every hardness measure-
ment. For plastic flow to occur, there must be dislocation
movement. Dislocations can be defined in many different
ways. One way to view adislocation isto think of one atom
dlipping over another atom within the crystal lattice. That is,
thereisno such thing asadislocation; it isonly aname given
tothephysical processof oneatom slipping past another atom.

compounds) meltand solidify. Itiscalled differential because
temperatures are measured simultaneously from two small
crucibles. One crucible will contain the aloy of interest and
theother cruciblewill beempty or containamaterial of known
thermophysical properties. Both cruciblesare placed withina
programmable, radiant furnace and heated or cooled a a
controlled rate. The differential temperature between thetwo
crucibles is then plotted as the aloy undergoes melting or
freezing. With some care, one can measure the heat of fusion
that isreleased during theliquid = solid phase change. More
importantly, we can determine the exact start and stop tem-
peratures of all phase change reactions (cooling curve data,
whichsimply measuresthetemperatureof themetal asit cools
from liquid O solid, does not typicaly yield such good
numbers). For example, using a DTA instrument we can
createagraphical record of theironasit solidifies, pinpointing
the austenite start temperature and the start of the eutectic
reaction. Such data allows a quick determination of whether
theiron isashort or long freezing alloy.

Elastic Strain (see: Dislocation Movement)

Electron Microprobe: Thisisanother very useful form of electron

microscopy that issimilar to SEM but with enhanced capabili-
ties. The electron microprobe allows the direct chemical
analysis of micron-sized phases with extremely good accu-
racy. Theelectron beamisfocused through aseriesof electro-
magnetic lenses (just like the SEM) onto the phase under
analysis. X-raysthen cascade from the bombarded phase and
are filtered and measured via wavelength dispersive spec-
trometers(WDS). Hence, electron microprobeanalysisisal so
known as WDS analysis. Quantitative work is performed by
analyzing known standards (e.g., Cr;Cz carbide or NBS
standards) and then hitting your unknown phase with the
electron probe.

Epsilon (g) Carbide: Thiscarbideisextremely small and only forms

during thetempering (bel ow 200C/392F) of medium- to high-
C martensite (C content in excess of 0.2%). It has an unusual
carbide structure of hexagonal close-packed and an unusual
chemistry of Fe, 4C (itisnot cementite). It can only beseen by
using very high-resolution electron microscopy. In fact, for
many years there existed some controversy over its structure
and chemical composition. Asmentioned, during martensitic
decomposition at |ow temperatures, epsilon carbidewill form.
Thisprocessallowsthebody-centeredtetragona (BCT) crys-
tal lattice to relax or become less distorted. The end result of
thisprocessisthat medium- and high-C martensiteisreplaced
withamixture of epsilon carbideand lower carbon martensite
that is of lower hardness but much tougher.

Naturally enough, depending on the crystal structure of the Equiaxed Growth (see: Columnar or Equiaxed Growth)

material, itiseasier foranatomto slipin somedirectionsthan
inothers. How easily atomsslip past each other determinesthe
yield strength and, of course, the hardness of the material. If

Equilibrium Phase Diagram (see: Metastable Phase Diagram)

Eutectic Colony: One definition of a colony is a group of things

thecrystal latticeishighly strained, asitisin high-C marten-
site, it becomes exceedingly difficult for dislocation move-
ment (i.e., for atomstodlip). Sincethecrystal structureismore
resistant to plastic flow, the indenter will create a smaller
crater for any given load and a higher hardness will be
measured. For more detailed information on hardness mea-
surements, see Appendix D.

DTA Thermogram: Differential thermal analysis(DTA) isavery

effective tool for understanding how metals (and organic

having a common characteristic. In this case, a common
characteristic of aeutectic colony isitsgrowth direction. Once
solidification hasstarted (whether near thewall of themold or
on some small fragment of solid) growth will occur in a
preferred direction, determined, in part, by thethermal gradi-
entand, inpart, by thenatureof thecarbidecrystal. All carbide
crystals grow faster along some directions than along other
directions. In the case of aeutectic colony, we have coopera-
tive or coupled growth between the austenite and the carbide
phasein one preferred direction. Each colony originatesfrom
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a single nucleus and is typically comprised of only a few
carbideand austenite crystals. Thesize of aeutecticcolony is
influenced by the number of colonies competing for the
availableliquid. If we have many, many nucleation sites (and
hence, many small growing eutectic colonies), the iron will
have a network of fine eutectic carbides. Conversely, if only
afew eutectic coloniesform (e.g., slow cooling favorsgrowth
over nucleation), they will belarge, resultinginlarge eutectic
carbides.

Eutectic: Whenanalloy solidifiesthrough aeutecticreaction, it goes

fromaliquid to two solids. In the case of AR irons, one of the
solidsisawaysametallic carbide, whilethe other solid isthe
iron phase (austenite or ferrite). A nice characteristic of
eutectic aloys is that solidification occurs over a very tight
temperature range (giving good fluidity) and, for any given
aloy family, at the lowest temperature. Thisiswhy the word
eutectic—coming from the Greek word meaning most fusible
or most liquid—was chosen to represent thistype of metallur-
gical behavior. That is, eutectic alloys are extremely fluid or
most liquid during the casting process.

GibbsFree Energy: Thisisathermodynamic term referring to the

energy that is released when chemical compounds react and
form other compounds. A concise definition is: “For any
spontaneous process in which the products and reactants are
at constant temperature and pressure and, inwhichnowork is
done other than against pressure, the Gibbs free energy will
decrease, AG<0.” Thermodynamically, this implies that, as
the Gibbs free energy becomes more and more negative, a
higher potential exists that the reaction will occur spontane-
ously. Additionally, the products of high negative Gibbsfree
energy reactions are more thermodynamically stable.

Hypoeutectic and Hypereutectic: The prefixeshypo and hyper are

Greek, meaning under and over, respectively. In chemistry,
hypo means the lowest while hyper means the highest. Con-
sequently, hypoeutectic irons and hypereutectic irons have
compositionsthat arerespectively, under and over theeutectic
composition. If we base our definition on just the carbon
content of theiron and assumethat other alloying el ementsare
being held constant (e.g., Cr), ahypoeutectic iron will have a
lower carbon content thantheeutecticand ahypereutecticiron
will haveahigher carbon content. Besidesthesedifferencesin
chemistry, a hypoeutectic iron starts solidification with the
formation of ferrousdendrites, followed by aeutectic reaction
whileahypereutecticiron startssolidification with theforma-
tion of large, primary metallic carbides and ends by solidify-
ing as aeutectic.

Ledeburite: A metallurgical term for the eutectic mixture of auste-

nite and M3C carbide found in low-alloy AR cast irons.

Malleable Iron: The key requirement in the manufacturing of

malleable cast iron is keeping the chromium content low.
Typicaly, itisrecommended that the Cr content never exceed
0.1%. Nevertheless, the iron must be induced to solidify via
the carbide eutectic and end up with a microstructure that is
composed of M3C (~Fe;C) carbide and austenite. Upon cool-
ing to room temperature, the austenite will readily transform
into pearlite, due to the iron’s low hardenability (typicaly
alloy contentsare 1% Si, 0.5% Mn, and abroad range of Sand
P). Since the carbide is very unstable (low Cr content), the
M3C carbide will decompose into graphite upon heating to
temperatures above 900C (1652F). One of the nice things

Glossary

about malleableironisthat aferritic outer layer can beformed
by heat treating theironinadecarburizing atmosphere. Inthis
process (called a combined decarburization and graphitiza-
tion heat treatment), the carbides are decomposed into graph-
ite and the outer layer of the iron is decarburized. Upon
cooling to room temperature, it will have amicrostructure of
soft ferrite on the surface and amixture of austenite, pearlite
and martensite within the core (al depending on the iron’s
alloy content). Themain reasonsfor selecting malleableirons
are low cost and ease of machining. As can be expected,
malleable irons have limitations in section size, damping
capacity, impact resistance and hot and cold cracking and
warpage. For more information, see Elliott (1988).

M etastable Phase Diagrams: Scientists enjoy equilibrium, i.e., a

constant unchanging reference state. To obtain atrue equilib-
rium state is often nearly impossible for many materials. For
example, at equilibrium, all Fe-C alloys should be composed
of ferriteand graphite. Thiscan happen over ageological time
scale but, typically, the steel or iron rusts into nothingness
first. Intheconstruction of themetastableliquidussurface, the
irons were cooled at a fixed rate. This fixed rate is several
orders of magnitude faster than what true equilibrium would
reguire and hence, the term metastableis used to describe the
surface. All in all, this suits the need, since all castings are
cooled at some dynamic, non-equilibrium rate. The obvious
question is: How does the metastable phase diagram differ
from the equilibrium diagram? A good example of where
metastable and equilibrium phase diagramsdo differ isinthe
binary Fe-C system. That is, the metastable diagram predicts
carbide formation (fast cooling rate) while the equilibrium
diagram predicts the formation of graphite (slow cooling). In
thecaseof theternary Fe-Cr-C system, thereexistsan equilib-
rium liquidus surface and a metastabl e liquidus surface. We
prefer touseonly themetastabl esurface, sincetheequilibrium
phasediagram is not applicableto castings. A good review of
theternary Fe-Cr-C system is given by Rivlin (1984).

Oxidizing and Reducing Environments: When an element is

oxidized, it loses electrons and when it is reduced, it gains
electrons. Most acids, by their very nature, will oxidize
metals. Whentheterm oxidizationisused, itisreferringtothe
disassociation of metal atomsfromthe parent substrate. From
acorrosion viewpoint, acids can be further defined as oxidiz-
ing or reducing in nature. When an oxidizing acid is added to
an environment, it tends to promote oxidization of the metal
while increasing the availability of free oxygen within the
liquid. Conversely, whenareducing acidisused, thereislittle
change or sometimes a decrease in the availability of free
oxygen. For phasesand constituentscontaining largeamounts
of Cr, an oxidizing environment will cause Cr atoms (and
likewise, other metalic atoms, eg., Fe, Mn, Si, etc. ) to
disassociate from the parent substrate and become positively
charged (it loses electrons). The positively charged Cr atoms
are now highly reactive and will eagerly bond with the
available oxygen. This reaction forms a protective layer of
Cr,03 over the surface of the parent material and hinders
further oxidization or, in corrosion parlance, the material
becomes passivated. Examples of strong oxidizing acids are
HNO3; and H,0,. The addition of these acids to an environ-
ment has little effect on high-Cr ferrous materias, since the
oxidized material will readily passivate. In more natural
environments, Cr atoms are naturally oxidized through elec-
trochemical means or through the presence of salts or other
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simple oxidizing chemicalsand, sincefree O isreadily avail-
ablein most environments, aprotective Cr,Osfilm can easily
form. Withreducing acidssuchasHCI or H,SO,, metallic (Fe,
Cr, etc.) atoms are till disassociated from the matrix, but
without the oxygen component, the protective film never
forms, and the phase or constituent continues to dissolve

away.

Pearlite: A eutectoid mixture of apha ferrite (aFe) and M3C.

Pearlite is a decomposition product of iron that has been
alloyed with some fraction of carbon. After solidification, as
the iron cools through the eutectoid temperature, pearlite is
formed via the following reaction: yFe 0 aFe and M3C. Its
morphology is often characterized as a laminar structure of
alternating plates of ferrite and carbide. Opticaly it has the
appearance of mother-of-pearl.

Peritectic Reactions: The Fe-Cr-C system has two peritectic reac-

tions. I n peritectic reactionsaliquid and asolid phasecombine
to solidify as two solid phases. A method to locate these
peritectic reactions is to look for the meeting point of three
liquidus surfaces. One such intersection isformed by thed, v,
and M;C; liquidus surfaces. This peritectic point (fixed in
composition and temperature) isreached by ferriticirons, for
example, corrosion-resistant irons having abase composition
of 2% C, 30% Cr. Asthisiron solidifies, initially 6 forms. The
remaining liquid then moves toward the peritectic point at
2.8% C and 32% Cr at 1289C (2352F). Since this is the
intersection of three liquidus surfaces, al three phases will
coexist inthe solid form. The actual reactionis: L + adFe
yFe + M;Cs. At the other end of the phase diagram, wefind a
low-Cr peritectic point being the intersection of the g, M;Cs,
and M3C liquidus surfaces. If theironisaNi-Hard 4 contain-
ing 3% C, 9% Cr, and an Si <1.5%, then it will undergo the
peritectic reaction located at 4.2% C, 9.7% Cr at 1183C
(2161F), whereL + M;C3 0y Fe+ M3C. Peritectic reactions
are often incomplete because a solid phase must transform
into another solid phase via a diffusion-dependent route.
Typically, astheiron continues to cool, it drops through the
peritectic point into the eutectic valley.

PhaseDiagram: Understanding phase diagramsisnot that difficult.

WPCCinIn CLECTRDEE

Think of phase diagrams as simple maps to describe theiron
or aloy behavior in terms of temperature and composition.
We generally check and/or measure the properties of aniron
at room-temperature properties; phase diagrams, however,
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Fig. 3. Schematic of a simple potentiostat.
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tell uswhat phase theiron isin at any temperature or at any
composition. Thediagramsare constructed onthe basisof the
metallurgical analysis of dozens and dozens of aloys. For
example, to determine the various phases that are present in
theiron asafunction of temperature, one procedureisto melt
asmall sampleand cool it very slowly to thedesired tempera-
ture and then quenchitin water. The sampleisthen metallur-
gicaly examined to determine the phases present and their
relative volume fractions. This procedure is repeated for
different temperatures and many compositions until enough
dataisgatheredto construct the phasediagram. Sowhy guess?
If you really want to know what your iron is doing, during
solidification or heat treating, consult a phase diagram. Y ou
will avoid doing alot of work that others have already done.
(See dso: Equilibrium and Metastable Phase Diagrams)

Plastic Strain (see: Dislocation Movement)

Potentiostat: This is an electrical device used to determine the

corrosion characteristics of metals. A schematic of asimple
potentiostat is shown in Fig. 3. By maintaining an electrical
bridge to a neutral potential, the electrometer can then mea-
sureany changesintheflow of electrons, fromthesampleinto
the liquid or vice versa. More advanced units can vary the
potential between the sample and the neutral cell, while
measuring the current flow. In such a fashion, the onset of
passivation can be measured. That is, once the materia has
passivated the current flow will drop appreciably due to the
formation of the protective and insulating passive film. The
potential at which this film forms determines whether the
material will passivate or corrode under oxidation conditions.
Data from such experiments are plotted as potential (mV)
versus current density (nA/cm2) and are known as
potentiodynamic plots. More genera information can be
found in corrosion textbooks or in ASTM G-3, Conventions
Applicable to Electrochemical Measurements in Corrosion
Testing.

Primary Carbides (see: Proeutectic Austenite)

Proeutectic Austenite and Primary Carbides: Metallurgical ter-

minology is sometimes not as straightforward as it may
appear. In hypoeutecticirons, proeutectic austeniteisthefirst
phase to solidify and it occurs before the eutectic, hence the
prefix pro. In hypereutectic irons, primary carbides are the
first phase to solidify and their formation occurs before the
eutectic. It would seem logical that primary carbides might
alsobeknown asproeutectic carbides. However, theterminol -
ogy proeutectic austenite and primary carbides prevails.

Reducing Environment (see: Oxidizing and Reducing Environ-

ments)

Scanning Electron Microscopy (SEM): A wonderful tool that has

brought material science (what used to be called metallurgy)
out of the dark ages. If one thinks of how an optical micro-
scopeworks—bending and focusing optical waves(whichare
made up of photons) through a series of glasslenses—we can
use the same process for other wave forms. The electron
microscope simply uses electrons instead of photons as their
light source, and uses magnetic lenses to bend and focus the
electron waves. Electrons are quite a bit larger than photons
and their characteristic wavelength is much, much smaller;
consequently, electrons make much smaller waves than pho-
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tons. The smaller wavelengths yield greater resolution (i.e.,
magnifications in excess of 100,000X), whereas optical mi-
croscopes have a hard time resolving images above 2000x.
The SEM is completely electronic (the first commercial
models did not reach the marketplace until around 1965) and
imaging output can beel ectronically processed inanumber of
ways, yielding many different types of microstructural infor-
mation.

Stainless Steels: Stainless steels were so named at the time of their
discovery in 1912, when Harry Brearly, aBritisnmetallurgist,
found that he was unable to etch steel aloys containing 12%
Cr using a conventiona dilute nitric acid etchant (e.g., a
solution of 296 HNOzinanalcohol base). At that time, etching
was more commonly referred to as “staining,” and so he
named the steels stainless because of their resistance to
staining.

Stoichiometry: Thisis the statement of the quantitative chemical
composition of asubstance. In general, stoichiometry implies
alaw of definite proportions. Thisis very applicable to the
carbidesfoundin ARirons. For example, theM3C carbidewill
unvaryingly be composed of three metal atomsto one carbon
atom. Likewise, for the higher alloyed irons containing large
amounts of chromium (say greater than 8% Cr), the carbideis
composed of seven metal atomsto three carbon atoms, yield-
ing a stoichiometry of M;Cs. Hence, the use of the word
“stoichiometry” to hel p usdescribethe chemical composition
of the various carbides found in AR irons is accurate and
illuminating.

Glossary

Super heat: Itisimpossibleto cast an aloy without some superheat.
To be exact, the difference between the aloy’s pouring
temperature and thetemperature at which solidification starts
istermed the superheat. For example, if a hypoeutectic alloy
starts to solidify at 1371C (2500F) and finishes some 111C
(200F) later at 1260C (2300F), the superheat calculation
would bebased onthe 1371C (2500F) temperatureand not the
lower temperature. Hence, given a pouring temperature of
1538C (2800F), the superheat would be cal culated as; 2800 —
2500 = 167C (300F).

Transformation Diagram (see: Phase Diagram)
Tumbling Mills (see: Ball and Tumbling Mills)

Wavelength Disper sive Spectrometry (WDS) Analysis(see: Elec-
tron Microprobe)
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