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Introduction

This manual has been prepared as an introduction
to zircaloy fuel cladding. Its use is intended for
those just becoming interested in the subject as
well as a ready reference for those who routinely
work with cladding. The text is general in its treat-
ment of the subject because of the large and ever
growing body of technical data that reflects the
state of the art and science in 1989. Sorne subjects
are dealt with several times so that each chapter
will be reasonably complete within itself and not
require constant referencing to other chapters .
Each treatment will be slightly different as it
comes from the perspective of the chapter. Where
necessary, because of complexity or length,
references to other chapters are included.
Special notation is made of pro cesses unique to
SANDVIK's way of making fuel cladding. Com-
parisons to conventional practice are rnade to
assist the reader in understanding the differences
and how they impact performance.
The "jargon" associated with this product is ex-
plained as each term is introduced. For instance,
"zircaloy," the name was coined in the very early
days at the Bettis Laboratories of the Naval
Nuclear Propulsion Program and now generally
represents the commercial alloys of aI(éonium
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where tin, iron, chromium, and nickcl are the ma-
jor alloying clements. Zircaloy-l was an alloy of
zirconium and 2.50/0 tin and was never used com-
mercially. Zircaloy-2 and -4 are in common com-
mercial use rOl' fuel cladding. Zircaloy-3 was a zir-
conium alloy containing 0.250"!o tin and 0.250/0
iron that never sa\-\'wide use, but is once Llgainbe-
ing studied. lt is quite possible that the zirealoy
name will continue' to be extended to include an
alloys with new compositions. The zireonium-lNb
al10y is Qften referred to as "Russian Zirealoy"
sine e it is the standard alloy used in Russia for the
same purposes as Zirealoy-2 and -4.
References listing the specifie papers referred to in
the text and a listing of the major sources for addi-
tional information on the subject matter covered
is included in Chapter 7. The text includes specific
references only where a major subject is involved
to facilitate easier reading.
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While zirconium was discovered by Klaproth in
1824, our story begins in the late 1940's with the
discovery that hafnium, which naturally occurs
with zirconium in zircon, had caused ex-
perimenters to incorrectly calculate the thermal
neutron cross section of zirconium. Researchers at
Oak Ridge correctly established zirconium's cross
section at 0.18 barns making it a very attractive
cladding material for thermal neutron reactors.
In the early 1950's the Naval Nuclear Propulsion
Program under Admiral Rickover settled on zir-
conium as the fuel cladding material to be used in
the submarine Nautilus' water cooled reactor coreo
Zircaloy-2, an alloy of zirconium with tin, iron,
chromium, and nickel, became the standard. It was
also adopted by the engineers in Canada who were
designing reactor s which used natural uranium,
rather than enriched uranium, for fue!. The work
at Atomic Energy of Canada Ltd. (AECL) provid-
ed much of the technical data on which the com-
mercial use of zirconium alloys was based. Unlike
the Naval programs which operated under security
classifications, the AECL work was widely
published in open literature. Also, the Canadian
work centered on tubing and cornmercial power
reactor s use tubular fuel elements .
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Early U. S. power reactors used austcnitic stainless
steel as the fuel cladding. Chloride stress corro-
sion cracking of stainless steel forced the Boiling
Water Reactor (BWR) engineers to shift to
Zircaloy-2. Later the neutron economy ol' zircaIoy
over stainless steeI made it the cladding material
of choice for Pressurized Water Reactors (PWR).
PWR's used a new version of zircaloy called
Zircaloy-4, modified in composition to reduce the
rate of absorption of hydrogen.

In Russia, an alloy of 1OJo niobium in zirconium
became their standard for fuel cladding for both
naval and commercial power reactors.

Fuel cladding for' water cooled power reactors
hmst meet a varíety of technical and economic
challenges. lt must be corrosion resistant, have a£
low thermal neutro n cross-section, and have ft
satisfactory strength at the operating temperatures .~
of the reactor coreo Zircaloy met these generaI~\
criteria and early fuel designs were based on the:~¡
properties found in tubing produced around 1960. ~J
The push for ever more efficient fuel has been met-ii

tí' with optimizati?n o~ basic zircaloy tubing rather ,~
than a dramatlc Shlft to another al10y system.1
Gnly the development of the Zirconium-2.50Jó :
niobium al10y for Canadian pressure tubes would ~'.."
lead to a new al1oy; but even there, the fuel clad-:~j
ding remains zircaloy.)

Three very significant discoveries made substan- :\1
tial impacts on the application of zircaloy in'~
water-cooled reactors: The first was the discovery 1J
that nickel in Zircaloy-2 promoted absorption of'~
hydrogen. This was very important in PWR's ,11,:

which use an overpressure of hydrogen in the reac-
tor coolant which adds to hydrogen generated by
the corrosion reaction. The Zircaloy-4 composi-
tion evolved with the nickel content of Zircaloy-2
being replaced with additional iron to mélintain
the desired corrosion resistance. The next

discovery was the effeet of an intermediate "beta
quench" in the manul'aeturing process \'r'hich im-
proved uniformity of the microslruelure and
reliability of the corrosian performance. Last to
be discovered was the effect of metal crystal orien-
tation on the direction in which hydrides
precipitated in the tubing. Tubing made by the
cold pilger or roeking proeess gave rise to hydride
platelets that formed circumferentially around the
tube leaving the tube relatively ductile. Tubing
made by the drawing process commonly used for
steel and other tubes produced radially oriented
hydrides which made the tubing brittle. Since
hydrogen was introc;luced into the tubing as a
. result of normal corrosion during service, this was
an crucial effeet.
There is no single set of "best" properties for a
fu el clad tube. The properties must complement
the requirements of the fuel design concept. The
tubing manufacturer "tailor makes" the tubing to
produce the properties and dimensions that pro-
vide optimum balance for each fuel designo Un-
fortunately, nature does not often permit one pro-
perty to be set independent of the others. The at-
tainment of a higher level in one desirable proper-
ty may require sorne loss in another. Manufactur-
ing parameters must therefore be adjusted to op-
timize the desired propex:ties with minimum loss in
other properties. For instance, it is easy to in-
crease strength by a variety of means, but most of
them drastical1y reduce the ducti1ity. The means
and amount of strength increase is tempered by
the need to have a certain level of ductility and in
no case can corrosion resistance be sacrificed. It is
this complex relationship between the metal, its
metal1urgy, and its properties that forces a close
technical relationship between fuel, designers
and the tube maker to get the best. possible
performance. i~.
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Specifkations [or tubing require the measurement
of a number of properties essential to the design
of the fue!. However, simply meeting the
minimum requirements set forth in the specified
properties is not sufficient to achieve optimum or,
in sorne cases,even acceptable performance in a
power reactor. In most cases, the specification for
tl.).bing 'includes a requirement for a pro cess
outline whiCh defines the major process steps
known to affect tube properties not easily
measured by acceptance tests. The process
outlines continue to evolve as new information on
the process and its impact on properties and per-
formance beco me known. Typically, each new
tubing vendot and each major process change is
subjected to an extensive qualification program to
assure that the product not only meets the
specification requirements, but that it also per-
forms 'satisfactori1y inactual service.
The sections on properties, metallurgy, manufac-
turing, and testing further explore the complex-
ities of making and utilizing zirconium alloy tub-
ing for nuclear fuel cladding.
Research~~~nd development activities are pro-
ceeding to further optimize the zircaloys as well as
to develop other alloy systems. This work shows
promise of ¡ even better properties to meet the
challenge of more aggressive reactor environments
and longer fuel residence times.
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Chapter 2

Specijications

Nuclear fuel clad tubing is always procured to pro-
prietary specifications peculiar to each fuel maker.
These 'specifications gene rally follow the generic
format of the American Society for Testing and
Materials (ASTM) Standard for Zirconium Alloy
Tubing, B353, or a new specification now being
prepared specifically for fuel clad tubing. The fuel
manufacturers insert additional requirements for
their particular fuel designo
The "barrier cIad" with its internal layer of
unalloyed zirconium is not yet covered by an
ASTM standard.
The ASTM standard includes methods for special
tests used only for 'nuclear fuel cladding and
universally accepted sections on referee testing,
resolution of disputes, and many other such items.
The main technical points covered by specifica-
tions are:

1) Composition
It is common practice for fuel designers to add
several elements to the ASTM list of impurities
shown in Table 2-1 to meet certain requirements
based on the fuel manufacturer's past experience
or the concerns of its customers. Calcium and
chlorine are examples of such added impW"ities. It
has recently become common practice torestrict
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discovery was the effect of an intermediate "beta
quench" in the manufacturing process which im-
proved uniformity of the microstrucl ure and
reliability of the corrosion performance. Last to
be discovered was the effect of metal crystal orien-
tation on the direction in which hydrides
precipitated in the tubing. Tubing made by the
cold pilger or rocking process gave rise to hydride

" platelets that formed circumferenti,aIly around the
tube leaving the tube relatively ductile. Tubing
made by the drawing process commonly used for
steel and other tubes produced radially oriented
hydrides which made the tubing brittle. Since
hydrogen was introduced into the tubing as a
result of normal corrosion during service, this was
an crucial effect.
There is no single set of "best" properties for a
fuel clad tube. The properties must complement
the requirements of the fuel design concepto The
tubing manufacturer "taBor makes" the tubing to
produce the properties and dimensions that pro-
vide optimum balance for each fuel designo Un-
fortunate1y, nature does not often permit one pro-
perty to be set independent of the others. The at-
tainment of a higher level in one desirable proper-
ty may require sorne loss in another. Manufactur-
ing parameters must therefore be adjusted to op--
timize the desired propeI:ties with minimum 10ss in
other properties. For instance, it is easy to in-
crease strength by a variety of means, but most of
them drastically reduce the ductility. The means
and amount of strength increase is tempered by
the need to have a certain level of ductility and in
no case can corrosion resistance be sacrificed. It is
this complex relationship between the metal, its
metal1urgy, and its properties that forces a close
technical relationship between fuel '.designers
and the tube maker to get the best possible
performance. ti

Early U.S. power reactors used austenitic stainless
steel as the fuel cladding. Chloride stress corro-
sion cracking of stainless steel forced the Boiling
Water Reactor (BWR) engineers to shift to
Zircaloy-2. Later the neutron economy of zircaloy
over stainless steel made it the cladding material
of choice for Pressurized Water Reactors (PWR).
PWR's used a new version of zircaloy called
Zircaloy-4, modified in composition to reduce the
rate of absorption of hydrogen.

In Russia, an alloy of lOJo.niobium in zirconium
became their standard for fuel cladding for both
naval and commercial power reactors.

Fuel cladding for water cooled power reaetors
must meet a variety of technical and economici,

challenges. It must be corrosion resistant, have a +
low thermal neutron cross-section, and have {"
satisfactory strength at the operating tempe~atures~I
of the reactor coreo Zircaloy met these general'~;\
criteria and early fuel designs were based on the :i¡
properties found in tubing produced around 1960. &!
The push for ever more efficient fuel has been met~'j

¡,' ,with optimization of basic zircaloy tubing rather;i
than a dramatic shift to another alloy system. ;;1
Only the development of the Zirconium-2.5%
niobium alloy for Canadian pressure tubes would
lead to a new alloy; but even there, the fuel clad-
ding remains zircaloy.

Three very significant discoveries made substan-
tial impacts on the application of zircaloy in
water-cooled reactors; The first was the discovery
that nickel in Zircaloy-2 promoted absorption of
hydrogen. This was very important in PWR~s .
which use an overpressure of hydrogen in the reac- Ji
tor coolant which adds to hydrogen generated by
the corrosion reaction. The Zircaloy-4 composi-
tion evolved with the nickel content of Zircaloy-2
being replaced with additional iron to maintain
the desiredcorrosion resistance. The next'
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Specifications for tubing require the measurement
of a number of properties essential to the design
of the fuel. However, simply meeting the
minimum requirements set forth in the specified
properties is¡not sufficient to achieve optimum or,
in sorne cases, even acceptable performance in a
power reactor. In most cases, the specification for
tubing includes a requirement for a process
outline which defines the major process steps
known to affect tube properties not easily
measured by acceptance tests. The process
outlines continue to evolve as new information on
the process and its impact on properties and per-
formance become known. Typically, each new
tubing vendor and each major process change is
subjected to an extensive qualification program to
assure that the product not only meets the
specification requirements, ,but that it also per-
forms satisfactori1Y-in!actual service.
The sections on properties, metallurgy, manufac-
turing, and testing further explore the complex-
ities of making and utilizing zirconium alloy tub-
ing for nuclear fuel cladding.
Research ~and deveIopment activities are pro-
ceeding to further optimize the zircaloys as well as
to deveIop other alloy systems. This work shows
promise of even better properties to meet the
challenge of more aggressive reactor environments
and Ionger fuel residence times. '..•
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Chapter 2

Specijications

Nuclear fueI clad tubing is always procured to pro-
prietary specifications peculiar to each fueI maker.
These specifications generally follow the generic
format of the American Society for Testing and
MateriaIs (ASTM) Standard for Zirconium Alloy
Tubing, B353, or a new specification now being
prepared specifically for fuel clad tubing. The fuel
manufacturers insert additionaI requirements for
theit particular fuel designo
The "barrier cIad" with its internal layer of
unalloyed zirconium is not yet covered by an
ASTM standard.
The ASTM standard includes methods for special
tests used only for nuclear fueI cladding and
universally accepted sections on referee testing,
resoIution of disputes, and many other such items .
The main technical points covered by specifica-
tions are:
1) Composition
It is common practice for fuel designers to add
several elements to the ASTM list of impurities
shown in TabIe 2-1 to meet certain requirements
based on the fuel manufacturer's past experience
or the concerns of its customers. Calcium and
chlorine are examples of such added imparities. It
has recently become common practice torestrict
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the tin content to the 10\ver portion of the range
given in ASTM specifications' for Zircaloy-4 to
improve corrosion resistance and to require a
maximum oxygen content different from the
ASTM upper limit for either alloy.

The specific effects of the alloys and main impur-
ity elements are covered in Chapter 5' on
Metallurgy.

IMPURITIES, Weight percent maximum
..i; Aluminum 0.0075~.

Boron oo5סס.0
Cadmium oo5סס.0

..- Carbon 0.0270
Cobalt 0.0020
Copper 0.0050
Hafnium 0.0100
Hydrogen 0.0025

Magnesium 0.OQ20
Manganese 0.0050
Molybdenum 0.0050
Nickel
Nitrogen 0.0080
Tungsten 0.010
Titanium 0.0050
Uranium (total) 0.00035

2) Mechanical Properties

Room temperature and elevated temperatnre ten-
sile tests are normally required, but without any
consensus as to the tempcrature of the elevuted
temperature test or to the levels of strength and
ductility. Many specifications require J.n Jmbient
temperature burst test with a rllinimum cir-
cumferential expansion required at ~he faHure to
demonstrate ductility. The most co1mmon test is a
closed end test. Expansion in a burst test is larger
in an open end test than in the closed end test and
specified limits recognize this differencc.

3) Corrosion Resistance
For rnany years a three-day test at 400C in stearn
was the universal acceptance test. More recently a
test at about 500C to detect nodular corrosion has
been added for BWR tubing.

4) Hydride Orientation

Specimens of tubing are required to be charged
with hydrogen and exarnined to see if the resulting
hydride platelets are oriented in the circurnferen-
tial direction.

5) Microstructure
There is generally sorne sort' of requirernent on
grain size. Direct rneasurernent of grain size on
stress relieved tubing is llOt possible because the
grains have been elongated by the cold working.
Sorne specifications require recrystallization of
stress relieved tubing specirnens in order to
measure grain size .

6) Dimensions
Minimum and rnaximum values are given for the
inside and outside diarneters and length. Max-
imums are specified for ovality, bow, and
squareness of cut. A minimum is specified for wall
thickness. tr,
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0.0075

oo5סס.0
oo5סס.0
0.0270
0.0020

0.0050
0.0100
0.0025
0.0020
0.0050
0.0050
0.0070

0.0080
0.010
0.0050

0.00035

Zircaloy-4
UNS R60804

1.20. 1.70

0.18 - 0.24

0.07 - 0.13

0.28.0.37
0.09.0.16

0.005 - 0.012

• 0.09 .0.16

0.005 • 0.012

lron

Nickel

Fe + Cr + Ni

Fe + Cr

COMPOSITION, Weight percent

Element Zircaloy-2
UNS R60802
1.20 • 1.70
0.07.0.20

0.05 - 0.15
0.03 - 0.08

0.18 - 0.38

Chromium

Tin

Oxygen

Silicon

Table 2.1
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ASTl\l has becn a leader in providing a fon:m for
consensus standards for fuel cladding not onty in
the U.S. but throughout the \VorId. Th',-: sub-
committees working on nuclear standards involv-
ing fuel cladding are:

BlO.02 on Zireonium and Hafnium
G01.08 on Corrosion in Water-Coolcd

Reactors
C26.02 on Fue! and Fertile Materials
ElO.02 on the Behavior and Use of Metallic

Materials in Nuclear Systems

7) Ultrasonic Testing

Ultrasonic testing is universally used to assure
freedom from unacceptable flaws. A maximum
size of a reference notch is specified.

,8) Crystal Orientation .

'The hydride oricntation test gives an indication of
erystal orientation,' but in sorne specifieations a
eontraetile strain ratio (CSR) test is also imposed.

9) Sampling Frequency

Composition, exeept for gases that may be ab.:.
sorbed during proeessing, is based on the analysis
of the ingot from which the tubing was made.
Dimensional and ultrasonic flaw testing is done in
a eontinuous sean of each tube and other tests are
generally done on two random samples from each
lot of tubing.

10) Test Methods

Most testing is done to ASTM or American Na-
tional Standards Institute (ANSI) standards or
their eounterparts in other countries. Cooperation

4/J# between international standard s organizations in
specifying fuel cladding is one of the best ex-
amples of international technical exchange.
These tests and the details of their application are.'
discussed in Chapter 4 on Testing and Inspection .
to assist engineers and quality assurance people in, "'.
understanding the procedures and meaning of the'!'Ji¡
results. +,~\<;

-~:~~~~

Sorne very important properties such as creep:~~¡
rate, long termo corrosion. b~havior, irradiat~onJI¡
growth, and reslstance to lOdme stress corrOSlOn ;~!t

. cracking are typical of those properties that can ~i
not be specifi~d in the sim~le tests. required on,:1
each lot of tubmg. Most reqUlre test times that are .~~
too long for normal quality assurance testing. Fort1~
these, reliance is placed on the process outline and '.'
its controls on processing.
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Sponge Manufacture
Finely ground zircon is mixed with carb'f/rt and

The entire process from the ore to the tube plays a
role in the performance of fuel cladding. This
chapter presents background essential to
understanding the metallurgical implications of
the manufacturing process as well as the reasons
for sorne of the various tests called for in the
specifications. Special processing for making the
barrier cIad is treated in the section on extrusion
and again in the discussion of beta quenching. The
remaining processes are quite similar to standard
cladding and the text is not complicated by men-
tioning aH of the other considerations in making
tubing from the lined extrusion.
NearlyaH of the zirconium metal is extracted from
zircpn sand. Zircon, which is also a gemstone, is a
zirconium, hafnium silicate (Zr-Hf Si04) with a
zirconium to hafnium ratio of 50 to 1. It occurs in
beach sands aH over the world, but the zircon
from Australia is preferred because it contains the
fewest impurities that interfere with metal produc-
tion.. The zircon is separated from other com-
ponents in the sands by a series of standard ore
dressing techniques. 'O¡i

Chapter 3

Manufacture
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Figure 3-2

Flow Sheet for
Hafnium
Extrllctjon by
DiSlillalion
from Molten
Salt
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the magnesium is very important sinee any im-
purities in the magnesium end up in the zir-
conium. The product of the reduetion process is a
mixture of zirconium metal and magnesium
chloride as well as sorne left over magnesium
metal. Most of the magnesium chloridj1 salt is
removed physically. The remaining salt,~' along

Se,'e'

L. Moulin ei al in ASTivl STP 824 ane! shown
sehematicalIy in Figure 3-2.
In both cases, the purified zirconillm tetrach10ride
is reduced to zirconium metal by the Kroll process
using magnesium metal as the reductum. Pu~ity of

chlorinated to produce zirconium-hafnium
tetrachloride and silicon tetrachloride. Tlle
zirconium-hafnium tetrachloride is selectively
condensed and the silicon tetrachloride is sold as a
by-producto

Since hafnium has a very high thermal neutron
eross-seetion, it must be separated from the zir-
eonium. There are two teehniques used at present
for this separation. The older method has .been us-
ed sinee the 1950's and eonsists of dissolving the
tetraehlorides in dilute hydroehlorie acid, eom-
plexing the zireonium ions with ammonium thio-
eyanate and then extraeting the hafnium with
methylisobutyl ketone (MIBK) in a eounter-
eurrent liquid-liquid extraetion system. The
aqueous phase, eontaining the zireonium, is mixed
with sulfuric acid to precipitate the zireonium as a
sulfate whieh is then eonverted to a hydroxide
with ammonium hydroxide, filtered and ealcined
to an oxide. Most of the impurities in the zireon
are taken out either in the chlorination process or ,:
the liquid-liquid extraction pro cess so that theh

" resulting oxide is very pureo Hafnium is stripped :'~~:,
;$. from the MIBK with hydrochloric acid and )',;:

recovered similarly as an oxide. The zirconium ox- !~~~;

ide is then mixed with carbon and ehlorinated ,~~
again-to produce a zirconium tetrachloride with \:;:ltt,'f
less than lOO ppm hafnium. The zirconium ;~~h:
tetrachloride may be further purified by sublima-¡'it¿¡1~
tion or distillation from a salt solution before be- ,:~'!',
ing redueed to metal. The process is described in "¡.,
detail by W. W. Stephens in ASTM STP 824 and';}l't;:
shown in the flow sheet, Figure 3-1. :.;t

. ~... tJl;;':';'

The new method of separating the hafnium from~1W
the zirconium is by distillntion of hnfllium ;:~\
tetraehloride from a potassium-aluminum,'~
ehloride salt solution of the two tetrachlorides.:}:~~
The impurities remain in salt which is replaeed at¡¡~
intervals. This proeess is described in detall by)t~;~?

.~

(.
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Figure 3.1

Source:
Teledyne Wah
Chang Albany
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Figure 3.3

Press Crushlng
ZIn:onlum
Sponge

Source:
Teledyne Wah .. ~.
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with any residual magnesiüth metal, is removed by
vacuum distillation at about lOOOC which pro-
duces a porous zirconium mas s commonly known
as "sponge." The sponge from a reduction fur-
nace load is called a "batch." Large chunks 'of
sponge are crushed as shown in Figure 3-3, mixed,
~nd sampled for analysis. A group of sponge bat-
ches is selected based on the analysis and combin-
ed into a "blend'.' which is again mixed and
sampled to determine its composition. Except for
a few volatile elements like chlorine and
magnesium, all of the impurities present at this
stage will remain with the zirconium and end up in
the zircaloy. Iron, nitrogen, oxygen, and
aluminum are the most common impurities' pre-
sent .at this stage. ASTM specification, B349,
covers sponge zirconium.

Ingot Manufacture
Zirconium sponge, recycle material from process-
ing, and alloying elements are eombined in
various ways into an electro dé for vacuum are
melting. Recycle material can be crushed, or chop-
ped into small pieces, to becombined with the
sponge and al10ying elements for pressing into bri-

A1anujaclure

quettes, or it can be melted into an ingot Wh1Ch is
then cut into slices for inclusion inta the rnelting
electrode. In both cases, extreme care is rcquired
in c1eaning, sampling, and analyzing the recycJe so
that unwanted impurities are not introduccd.
Usually sponge-based briquettes and solid recycle
are assembled into a long cylindrical shape and
welded together as shown in Figure 3-4. Electron

25

Figure 3-4

Consumable
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Segrega~ion is not a problem with current manufac-
turers as they have developed their melting techni-
ques to produce ingots with remarkable composi-
tional uniformity. Sampling for composition may
be done under current specifications either on the
ingot itself or on the material during fabrication in-
to tubing. The sample must always be related to Íts
position in the ingot to assure that all portions of
the ingot have been analyzed. Table 3-1 shows a
typical analysis report for a Zircaloy-4 ingot.
Ingots have also been tested for hardness along their
length, by the Brinell method, but this p.};ílcticeis
gradually losing 'significance as compbsitional

Figure 3-5
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Pump

beam welding in vaeuum o. plasma are welding in
an argon atmosphere is used to prevent con-
tamination from the air. These long cylinders are
about 12 to '18 inches (300to 450 mm) in diameter
and weigh a ton or more.
Zireonium must be melted in a vaeuum or inert
gas to prevent absorption of oxygen and nitrogen
from the airo Consumable Eleetrode Vaeuum Are
Melting is universally used for melting zirealoy
ingots.
Zireonium, when molten, reaets with aH known
refraetories and so it must be melted in a special
way. The eonsumable eleetrode is melted into a
eylindrieal water eooled eopper mold slight1y
larger than the" eleetrode. As the are melts the
metal, a port~on freezes against the eold eopper
mold and forms a solid layer of the zireonium
alloy whieh aets as the container for the molten
metal. The electro de is continuously consumed
and the ingot builds up in thecopper mold with
only a portion molten at one time as shown in
Figure 3-5.

~ Zircaloy is melted at leasL twice' in this manner
" with the ingot from the first melting forming the ;.1

electrode for the second melting. Much of current>
production is melted three, times to get the bestt!
freedom from volatile el'ements and themost I'i
homogeneous alloy distribution. Ingots are about .
30 inches (760 mm) in diameter and weigh about
six tons. Since the ingot was not completely
molten at one time, it is necessary to sample and
analyze it at various points along its length to
determine its composition. The ASTM standard
caHs for the first sample to be taken near the top
of the ingot with additional samples taken at inter-
vals equal to the ingot diameter down to the bot-
tomo This recognizes that the molten pool at any
time during the melting process was about one in-,
got diameter deep. '(

-
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Table 3.1

TypicaJ Ingol
Annl)'sis for Purchase ardor No.: ~~ TELEDYNE
Zircnlov-4. Sales arder No.: WAH CHANG ALBANY

• 11('111 No: p.o no, .I(~f)

Sdllll,l~ NUlllbcr 1 11"'1 No.: Alh,ny. OrOBoln~"J.Ill.lJi.lb
Represenls lhe PACS Nos.: (503) 926.4211 TWX (5\0) 5'15.0973
Top of lhe '
Ingol and Irtgot Analysis Composition: (wt. percent)
Number 6 lhe Eiement: Spec. \ 2 3 4 5 6
Bollom. So: 1.20-1.55 1.29 1.26 1.26 1.26 1.27 . 1.30

Fe: 0.18-0.24 0.22 . 0.21 0.22 0.22 0.22 0.22
Cr. 0.07..0.13 0.12 0.11 0.11 0.11 0.12 0.11

Fe+Cr: 0.28.0.37 0.33 0.32 0.33 0.34 0.34 0.33
~,}::~~l~!\,iC: . 0.0100-0.0200 0.0140 0.0140 0.0140 0.0140 0.0150 0.0140

a: 0.090-0.140 0.122 0.125 0.123 0.125 0.126 0.128
Zr: BALANCE l.:

Ingot Analysis Impurities: (ppm)
E1emeot: Spec. Max: 1 2 3 4 5 6

Al: 75 36 39 40 44 46 41
B: 0.5 <0.2 .,•... '<0.2 <0.2 <0.2 0.3 <0.2
Ca: 30 < 10 < 10 < 10 < 10 < 10 < 10
~ M <~ <~ <~ <~ <~ <~
CI: 20 < 5 < 5 < 5 < 5 < 5 < 5
Co: 20 < 10 < 10 < 10 < 10 < 10 < 10
Cu: 50 < 25 < 25 < 25 < 25 < 25 < 25
H: 25 < 5 < 5 < 5 < 5 < 5 < 5
He: 100 41 51 51 55 52 51
Mg: 20 < 10 < 10 < lO < 10 < 10 < 10
Mo: 50 < 2~ < 25 < 25 < 25 < 25 < 25
Mo: 50 < 10 < 10 < 10 < 10 < 10 < 10
N: 65 26 30 27 24 26 26
Nb: 120 <50 <50 <50 <50 <50 <50

..•J. Ni: 70 48 48 46 51 47 44
#' Pb: 130 <25 <25 <25 <25 <25 <25
. Si: 50-120 97 93 97 lOO 99 93

Ta: 200 < 100 < 100 < lOO < 100 < 100 < 100
Ti: 50 <25 <25 <25 <25 <25 <25
u: 3.5 < 1.0 < 1.0 ,,:,':': 1.0 < 1.0 < 1.0 < 1.0
v: 50 < 25 < is ',; < 25 < 25 < 25 < 25
W: 100 <50" <50 <50 <50 <50 <50

analysis has become more uniform and its effect'
on properties better understood. It is also com-
mon to 3earch the ingot for solidification voids
(pipe) using ultrasonic methods. This has little
significance in tubing where later ultrasonic.
testing, that is many times more precise, is con-'.
ducted on the tubing itself. Sorne specifications ..
continue to require conformance to sponge and
ingot specifications as well as the tubing specifica-:¡
don. This is not necessary to assure that tubing
will be satisfactory and complicates the certifica-'
tion of the producto The usual quality assurance,

, . :'~..'t~,

audits can dernonstrate that the producers are us-
ingproper controls to assure that the process is be-
ing controlled at each manllfacturing step.

Extrusion Manufacture
The ingots are made into hollow tubes by conven-
tional metal working techniques. The ingot is
made into a rollnd bar, also call a "log", about 9
inches (225 mm) in diameter by hot forging, roll-
ing, or a combination of these processes as shown
in Figures 3-6 and 3-7. The ingots are heated to
about ll00C and reduction takes place in a series
of hot working steps with the workpiece being cut
and reheated several times in the sequence.

»c.Heating times are normally kept as short as possi-
.'ble and reducing atmospheres must be avoided to
prevent absorption of hydrogen. Electrically
. heated furnaces are normally used to avoid the
problem of incomplete combustion with gas or oH
.that leads to hydrogen contamination. Gas- and
,; oil-fired furnaces, when properly controlled, are
quite satisfactory. Other bar sizes are also llsed
depending on the size of the manufacturers extru-
sion press or to produce improved corrosion
resistance which will be discussed in this chapter
as well as Chapters 5 and 6.

.,,0lW.. :~,' : .••
" ~.í' -co'
;.;':' ~
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Figure 3-6
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Figure 3.8

ed, the liner is inserted into the billet and welded in-
to place using electron beam welding in a high
vacuum. Cleanlin~ss is essential in preparing the
liner and the zircaloy billet so that the bond will be
complete. All through the fabrication operations,
each piece is carefully identified so that its position
relative to the original ingot is always known. This
is a most important feature of the process as it
allows structural or composition problems to be
traced quickly.
Zirconium tends to gall bádly when it is deformed in
metal working processes. It sticks to tcoling and
makes for poor surface quality. One way to deal
with this problem in extrusion is to encase the zir-
caloy billet in copper which serves as a lubricant bet-
ween zircaloy and tooling. Other manufacturers
have developed proprietary lubrication systems that
do not use metal cladding to make extrusions. Both
systems are in common use as well as combinations
of them. The billet is heated to about 650C and
extruded to a hollow, typically about 3d inches
(86 mm) in diameter, as sh()wn in Figure j'.;,9.

This is the point in the process where the "in-
termediate beta quench step" mentioned in
Chaptcr 1 is pcrformed. Eithcr the long bar, log,
or the individual billets cut from the bar are

JI,' heated into the beta phase (about ll00C) and
plunged into water. Billet is the name given to the
part of a bar that will be put inta the extrusion
press. It may still be "solid" or in sorne instances
have the hole drilled in it prior to the quench, but .
generally the solid billet is heated and quenched.f;
Smaller diameter billets or billets which have a :
hole drilled in them have faster cooling rates when .
quenched. In sorne instancesthe quench baths are •.
also modified to increase the cooling rateo A faster .
cooling rate has been shown to be advantageous
for Zircaloy-2 used in BWR c1adding, but may be
detrimental for Zircaloy-4 used in PWR's.
The billet is then completely machined in prepara-
tion for extrusion into a tube hollow, as shown in
Figure 3-8. When "barrier cIad" is to be produc-

Figure 3-7
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Figure 3.10
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Cold Pilgering
The cold reduction of the extrusion to tubing pro-
ceeds in stages caHed "passes." The cold redue-
tion process is called cold pilgering, tube reducing,
or rocking. AH three are names for the same pro-
cess as shown in Figure 3-10. In the eonventional

V~ftiCal Mell(p". ''''CN9n 11".,. ~uDit ~C, ,Vtt1"''. die$. ,): ~l.V' al'\d 9",,1 O! 'Off",. a-.-: •••• " It;.>- I ")f."

OfeQ.l'ffl 'orees .u\O incremPt'llar ",()"llIrq luce redUOflq rtlh'l)o" n,ucl'1 9'!!';1/ •., '''''''ét'l'Jfl ••L~ -ti, ~M~- ~~

~~.,.....et>
~~"94'-

VERTICAL SECTION THROUGH TU BE REoueER AT Pictorial
START ANO ENO OF REOUCTION STROKE Representation

of the Pilger
o.~ ••••-..... Tube Reductlon
'r' ''''''oN; u .1"4 •••...II~ Process

The most important points in tbe cxtrusioll proccss
are maintaining uniformity 01' wall Thjckpe~:; and
concentricity, as well as good surfaces. Litt]e :,:a11be
done in the subsequent cold reductiol1s to improve
the concentricity of the tubing:. Sorne manufa-:turers
have developed sophisticated machines to me~sure
and carrect wall eccentricity befare cold reductions
are started. Inner surfaces are critical and are usual-
ly honed or broached in addition to etching in the
nitric-hydrofluoric acid solutioIl to prepare them for
cold reduction. The etching solution is 15 to 30 per-
cent nitric acid and 2 to 4 percent.hydrofluoric acid.
The tube hollows, either at the extruded stage or
after one cold reduction, are examined ultrasonical-
ly to search for any residual flaws from the melting,
forging, and extrusion operations.

'~''''','''''':'''~l:"''!''''''Ii''''''',::w'':'\:;'~''.~''

Two broad types of extrusion processes are used.;~I!
The difference is in the speed of the extrusion ,\"1
operation. At lower speeds, the temperature -':i~\
changes Hule during the extrusion and the hoHow'I:}
ha;s a cold worked st:ucture that is best annealed~:;
p~or to cold :eductlon. The ~ther. process uses ,II
higher extruslOn speeds WhlCh merease the:l,
temperat~re during extrusio? so that the hoH?w ~~J
recrystalbzes and an annea11s not necessary pnor,#~ ¡
to coid reduction. In aH cases, the temperatures';~!
are comrolled. so that the structure remains in the ;~íír:J
alpha phase flcld.;¡¡ ",

,~'t'!,.}

Source:
Teledyne Wah
Chang Albany
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Figure 3-11b
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Each pass through the pilger machine can ac-
complish up to 85070 reduction in cross-sectional
area, although 70070 is closer to the working
.average. About five reduction passes are required
to reduce the extrusion to fuel cIad tubing size.
There is a special name for a tube hollow after one
cold reduction pass. It is called a TREX from
Tube Reduced EXtrusion. The special name was
developed because this h~s been a cornmon point
of sale between the zirconium metal producers
and the tube makers. Tube hollow is the name for
any intermediate size from the extrusion down to
lhe hollow used for the last cold reduction pass.
After each reduction pass, the zircaloy must be
cleaned and annealed to prepare ir for the next
cold reduction. Usually there is an inspection of
the surfaces (Figure 3-12) and any srnall tears and
cracks are carefully removed so that they will not
propagate in $ucceeding reductions.

~

form of this process, the tube is elongated over a
tapered stationary mandrel by mcans of two
grooved roUs, also called dies, which foIl back and
forth in aconstant cycle. It is this motion that
gave rise to the term "ro<;king." The roIl groove is
tapered and the roIls are mounted in a saddle
which is moved back and forth by a crank ar-
rangement. Gears (j,remounted on the machine
frame so that as the saddle moves, the roUs rotate
in precise relation to each other and the stationary
mandrel. The ingoing tube is rotated and advanc-
ed by a smaU increment at the beginning of each
stroke of the crank. The tube diameter and waU
thickness are continuously reduced in a series of
these small increments. Figure 3-11a shows the ar-
rangement of the rolls and mandrel in a typical
pilger machine. Figure 3-11b shows the hollow be-,
ing reduced. . "

Figure 3.lla
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Figure 3-12
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The anneals prom?te recrystallization and soften ;tid
the hollow. The tlme. and temperatures of these'~c~l
~eals hav~ been f~und to play a~ import~nt role l~1J
m. developmg optlmum corr~)Slo~ reslstance. ,;:ltf.
Zlrcaloy-2 and Zlrcaloy-4 reqUlre dlfferent heat :~lf/
treatments to optimize corrosion because of theil ¡
differences in serviceerivironments between BWR ~¿ij
and PWR. Zircaloy-4 is ánnealed at a higher~{r.
~emperature than Zircaloy-2 for reasons explained .f~:¡
m Chapters 5 and 6. ':j~~1
The actual hollow sizes used as intermediates for~~';'!
each size of fuel cIad tubing are quite important¡~)
and will b: disc~ssed in Chapter 5 on ~etallurgy .. t;t!~
Crystal onentatlOns depend on the ratIo of wall,f~íH
reduction to diameter reduction, and tooling mus~,;¡,t

,;, ~~~;,~~~~

. be carefulIy úcsignect to prod uce the desired
crystal texture. SANDVIK use::; comentiollal rool
designs for most of the reductions, but differs in
the way the last reduction is made. In thc patcnted
SANDVIK process, the last reduction is mude on
a cylindrical mandrel that advances \-yj th tlle
hollow. Nearly aH of the reduction is in the wall
thickness and not in the diameter. The combina-
tion of the advancing mandrel and the relatively
large wall reduction combine to produce a strong-
ly radial crystal texture, very uniform inside
diameters. and little ovality. These features are al1
very desirable in the fuel cIad tube.
Throughout the tube making process, tubing is
· kept in lots. A lot is defined in all specifications as
those tubes made by the same process from a
single ingot and given the final heat treatment in a
single furnace load. SANDVIK goes further and
keeps tube lots related to their position in the origi-
nal ingot -sothat any composition variation wiIlnot
cause variation in response to the heat treatment.

Tube Finishing
After the last cold reduction, the tubing must be
heat treated to produce the desired mechanical
properties and the surfaces prepared to give the
desired finish. SANDVIK pioneered a flowing
nitric-hydrofluoric acid etch with a proprietary
rinsing system that prodúces a very smooth inner
surface with a minimum of residual fluoride on it
as shown in Figure 3-13. As explained later, this
finish provides better resistance to iodine stress
corrosion cracking than other finishes, sueh as grit
blasted or dip etched, which are also commonly
applied to cIadding tubes. SANDVIK also .:f}
employs furnaces for the final heat treatment that : ::
are uniform within about 1 degree Celsius so that ~.'
mechanical properties are extremely un1form
within each tube lot and bet~een. lots. ~.er the
final heat treatment, the tubmg IS straigl1tened,

e

e
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Figure 3-13--'
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Chapter 4

Testing and Inspection

This chapter covers the tests and inspections
usually applied to zircaloy fuel dad tubing with
sorne background as to what the test or inspcction
is expected to show and where it originated.
Unusual aspects of test methods are explained.

Composition
The samples used to represent the composition of ..
metal products are taken from the parent "heat"
or melt.ln.the case of zircaloy the "heat" is an in-
got. A single sample will not suffice for a con-
sumable electro de arc melted zircaloy ingot since
only a portion of it is molten at any one time. The
molten pool is about ane ingot diameter in depth;
therefore, the sampling plan calls for one sample
to be taken near the top of the ingot and then ad-
ditional samples to be táken each ingot diameter
down the ingot. The sample for analysis requires
both a solid portion for oxygen and hydrogen
determination as well as turnings for other
analysis. The samples can be obtained from the
sidewall of the ingot or from a slice of the product
either in its final form or part way through the
manufacturing process. For tubing, sorne
manufacturers take the sample slices when the
forged bar is cut up to make the extrusion billets.
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belt polished on the outer surface to remo ve aH .
traces of the old metal surface, and deaned again::
prior to inspection. Silicon carbide abrasives arei~d
u~ed si.ncethey cut cle_~nlyand do not load up with ji'.!
Zlfcomum metal causlOg the surfaces to smear. -~.:Irj
The real difference in tubing is not only the dif- .•.\01\
ferences dted in the description of the manufac- .'~~~
turing steps, but in the uniformity and care with \;;~~
which they are carried out. There. is ind~e~ a .dif- t~,
ference that cannot be expressed m speclflcatlons :,ir"
or pro cess outlines. THAT DIFFERENCE means
reliability in performance.

Comparison of
Jnner Surfaecs
of Tubing:
al As Pilgered
b) SANDVIK

Proprietary
Flowing
Acid Eleh

el Grit Blasted
d) Conventional

Dip Eteh
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Optical Emissión Spectroscopy '.
An electric discharge is used to excite the sarnple, ....;.
producing light which can be broken down intoE;:
spectral lines representing the elements present in :"1;.;
the sarnple. Each elernent has a group ofi(:;.
characteristic wavelengths of light which it emits ..::~¡
when excited. The intensity of a specific line for.~;., ..
each element is measured either on a photographick •

j¡¡. plate or by a phototube to determine conc~ntration.:1h,l
A metal, sample may be excited directly by the ':tt~:;¡
electric discharge in a techniqu. e caBed "point-to- ...~.'~.t.:..Í
plane." Alternately,' turnings may be burned to i,SIJh
oxide and the oxide packed into an electrode and;J1.k1.
excited by the electric dischar'ge. This technique is j¡f~,,~
caBed "earricr distillation." ,lfJ~f'

:.~~ }:~'~ 1
Standard s of known concentration are used to:;~{ 1
construct curves of intensity vs. c~ncentration for',r,j
each ~lement. S~mple~ of pre~lOusly analyzed J~J;.::'
matenal are run mtermlttently Wlt~ the unknown'.~f_J
samples as a check on calibration..;.~~j

~i1;~':"~

Plasma Emission Spectroscopy )~~.:J
Inductively Coupled Plasma (ICP) and Direct '¡llgí
Current Plasma (DCP) techniques utilize an argon ';;l~;t

'.'

gas plasma lO excite samplc solutions ror spec-
trographic analysis as shown in Figure 4-1. To
date, this technique has been med in determina-
tion of concentrations of 25 elemcnts in zirconiurn
and its alloys. Alllrninum, calcium, cobalt,
chrornium, copper, iron, hafnium, magncsillm,
rnanganese, rnolybdenurn, sodium, niobium,
phosphorus, silicon, tin, tantalum, ami zinc can
be determined directly from a dissolved sample.
Anal-ysis for boron, cadmium, lead, and uranium
require that the sample solution be concentrated
before being fed to the plasma .ror analysis.

, :rj .~.,.

Customarily, the manufacturer's ingot analysis
forms a part of the tube rnaker's product certifica-
tion. A typical ingot analysis certificate is shown
in Table 3-1. Hydrogen and oxygen can be added
to zircaloy during hot working or heat treating if
proper procedures are not observed. Specifica-
tions require that a sarnple for hydrogen and ox-
ygen be taken frorn finisbed tubing. Many
specifications also require nitrogen analysis on a
sarnple of finished tubing.
Nitrogen is not absorbed during the rnanufactur-
ing process and need not be required to be analyz-
ed on samples from the the tubing.

~t¡j;?f.~.~,~\ii.:~.~.~:...:::.

--,¡,:--lO:

Figure 4-1

."~:;::-'~~'~~'~:S:::.-Apparatus.'-.:..l..,.;;;::>,.;.~ for Induchon
'+ii':":;¿i!." Coupled Plasma
;,l"'.:c.<:.;'~ Spectrography
" "C' ~,~)

Source: AB
Sandvik Steel
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A metal sample is dlssolved in a nitric-
hydrofluoric acid solution and diluted to a specific
volume. The solution is then drawn into the argon
plasma running at 7000 to 15000C where it is ex-
cited. The Iight emitted i.sbroken down into spec-
tral lines and the analysis made in the same
fashion as for opticaI emission spectrography.
The use of solutions for the analysis makes the
preparation of comparative standards more
precise than is possible in the optical spec-
trographic technique .

Atomic Absorption Spectrophotometry
Like plasma emission spectroscopy, atomic ab-
sorption techniques use a solution of the sample
for the analysis. The technique differs in that only
one element can be determined at a time and the
measurement is of absorbed rather than emitted ;:'
light. The principIe of the method is that unex-.~ •..
cited atoms of an element absorb the radiation ;~:
emitted by that same element when excited. A>
hollow cathode discharge tube of the desired ele-i¡. .
ment provides a source of the radiation and the :f;

.• ,~._t

IJ: atoms of the element in the sample solution areS; ¡
. dispersed in a flame between the hollow cathode ;\jj~:l

tube and a detector. The amount of a specific.¡~J
wavelength of light' that is absorbed is propor-,;I;fH
tional to the amount of the elernent present in the"(:,~j
sample.:jU

:('¡i/(l(.,,<",~ ..
Inert Gas Fusion'j~~\l ,,'Ne. ¡

Oxygen, nitrogen, and hydrogen can be determined~~:C
by variations of this technique using equipment'klJ
such as,shown in Figure,4-2. A me.talsample is f~s- ,.~~1
ed at h1gh temperature m a graphlte cruclble usmg >Y;: I
a metal flux and the resulting gases are swept into !~t!
an analytical inst~ment by a~ inert carrier ~as,'ift;
The gases are punfled by passmg through vanous .,~~:.~
scrubber columns and then isolated by gas::llfft
chromatography. The concentration of the gas to;;:li

Hgure 4-2

:,~';';+£+~f[.8~~i¡'jl,cj~~~~2:f:~~~n
(~~.:;.J ¡':.:¡ uf Oxn:en

j.' ~.~i;~:; ¡;, "_.~..... ,
Ci~'-'I¡.",'

E .,-:::1

.~-

be measured is then determined by a thermistor
bridge and displayed on a digital voltmeter.
If only oxygen is to be determined, a nickel flux is
used. If both oxygen and nitro gen are to be deter-
mined from the same sample, platinum is used as
the flux and the carrier gas is very high purity
helium.
Hydrogen determinations use tin as the flux and
argon as the carrier gas. Hydrogen can also be
measured by vacuum extracting the gas from the
sample without melting it and measuring the
hydrogen gas volumetricalIy.

Kj~ldahl Method for Nitrogen
The metal sample is dissolved in a hydrofluoric-
hydrochloric acid mixture. Sodium hydroxide is
then added to the solution until the solution
becomes basic and the nitro gen is converted to
arnmonium ion. Ammonia is driven from the
solution by steam distillation and co4'.~~tedin

,
'.
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another solution. The nitrogen can then be deter-
mined either by titrating the solution with bodc
acid or colorimetrically. For the latter technique,
Nessler's reagent is added to develop a yellow col-
or. The intensity of the color is proportional to the
nitrogen content and is measured in a spec-
trophotometer.

Carbon Analysi~'
Carbon is determined by fusing the sample in a
ceramic crucible using a tin flux in the presence of
oxygen. The carbon dioxide thus formed is
measured either by a thermistor bridge or an in-
frared detector,

Fluorimetric Analysis for Uranium
Uranium compounds will fluoresce wheh exposed
to ultraviolet light. For smalI concentrations, the
intensity of the fluorescence is proportional to the
uranium concentration. Because the concentra-
tion of uranium in zircaloy is so small, the solu-
tion of the sample must be concentrated before

.• the fluorescence technique can be used. The
;¡j' uranium is extracted from the ,acid soiution using

MIBK. A sample of the MIBK solution containing
the uranium is then absorbed in a sodium-lithium
fluoride pelIet. The' fluorescence of the pellet in a"
fluorimeter yields the measure of uranium in the
original sample.'

The analytical techniques vary from laboratory to
laboratory depending on the equiptnent available ,"~,'
and the number of samples run each day; Samples'~~,~
of known composition are interspersed with the:l?:t
unknown in aH of the analytical techniques to.w~H
assure that calibration is maintained. i~~:Jf

, , ' ~}l¡¡h¡

ASTM for the most part has not been able to re-:11ft;
main curre~t in the. analyt~cal methods asthe,'y have"il,,:,~4
been evolvmg qUIte" rapldIy as new eqUIpmen~.:iJ

"- . " :jr"fMi
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became avaiÍable. It is generally accepted tha1 each
manufacturer's methods are acceptable subje~t to
the quality assurance audits which require
demonstration that the methods are traceable to
sorne satisfactory standard. The Nationul Bureau of
Standards has not been able to completely meet the
need for standards and other avenues are generally a
part of each laboratory's calibration system,

Tensile Testing
Tensile tests, usually at both room temperature and
at sorne temperature near 370C, .are performed ac-
cording to ASTM methods. Method E8 is used for
room temperature testing and E21 for elevated tem-
perature testing. Zircaloy is strain tate sensitive and
thus, its yield strength will rise with increasing rate
of strain. ASTM and other zircaloy specifications
require that the strain rate be controlled at levels
where the expected variations will have little effect
on the measured values. The full tube cross section
is tested as shown in Figure 4-3, SANDVIK uses

45
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Figure 4-3
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weight and length lO calculate the cross sectional
area because the measurement of weight is about
ten times more accurate than the measurement of
wall thickness in determining the cross sectional
area. Stress relieved zircaloy tubing do es not ex-
hibit a nice linear relationship between stress and
strain even in the elastic region. Consequently, the
determination of the O.20ío offset yield strength is
not as precise as it i~ for most other metals because
the offset must be drawn from a curve rather than
a straight line on the stress strain plol.

Burst Test
There are many factors affecting the internal
pressure burst test and the measurement of the
resulting circumferential elongation. These were ','
studied extensively by an ASTM round-robin pro- .
gram and reported in ASTM STP 551. The recom- ./~\
mendations of this work were embodied in the .~~:
Appendix to the ASTM tubing specification~': \
covering the burst test method. The rate of::[.l
pressurization, the amount of sto red energy in the.l~' i
system, and the clearance between the tube and W

ji the in~ernal man~rel aH have. significant effects on,x; 1
the elrcumferentml elongatlOn at the bursl. A >~rt
pho~ograph of a typical burst test sample is ShOwn,.~~~
m FIgure 4-4. ~ ';,:~,'l";~:I
Contractile Strain Ratio (CSR)',11
This tes~, originated byWesting~ouse. in the late::,t,j:l
1960' s, ISa measure of crystal onentatlOn. It con- :~;,:.t
sists of carefully measuring the diameter of the~.it'
tube at set locations and measuring the distance 'l..
between a series of scribe marks about one-half ,~,'
ineh apar! along the tube. The tube is then strain-j~1'
ed about 4070 in tens~on .and measurements:~
repeated. The changes m dlameter and length ~I'
make possible the calculation of the ratio of cir-:$t'
cumferential strain to wall thickness strain which i~,
is the CSR value. Values less than one indicate a,"""

......,
)

l~igurc 4-4
------------

/

/

j

j
!::~\
<~

circumferential crystal texture and values of two
or more indicate a highly radial texture. Sorne in-
vestigators have used the failed tensile specimens
for measurements, but this is not correet sinee
with large strains there is a rotation of the erystals
during deformation which leads to incorrect
estimates of the initial texture of the tub~t

\
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wirh angles _,nal1er than sorne specified value,
usually 40 dcgrees to the radial direclion, are
classified as radial and the others as circurnferential.
The ratio of radial platelets te total platelets is the
hydride fraction known as [no The usual specified
value for stress relieved tubing is 003. SANDVIK
typically has values smaller than 0.1 and uses a corn-
parative micrograph for the determination rather
than the tedious counting technique.

Corrosion Testing
The universal test for corrosion resistance has been
the 72 hour test in 400C steam. The test method is
ASTM Method 02. For fuel ciad tubing, which is

'. generally furnished with an etched inner surface and
a belt ground outer surface, the test is performed on
the tubing as manufactured rather than being etched
in the laboratory prior to testing as the ASTM test
method describes. This utilizes the test for both
basic corrosion resistance and to prove freedom of
the tubing from surface contamination that might
adversely affect corrosion resistance.
The specimens oxidize during the test, forming an
adherent hard black oxide on the etehed inner sur-
face. The belt ground outer surface has a grey ap-
pearance because of the roughness introduced by
the grinding which leaves tiny zircaloy particles on
the surface. These particIes form a white oxide
with an underlying black oxide giving the
specimen a grey appearance. Criteria for accep-
ta.nce is a maximum gain in weight (22 mg/sq drn
for the 3-day, 400C steam test) and a visual ex-
amination of the oxide film. Visual standardsare
generally used to evaluate both inner and outer
surfaces for both the proper corrosion film and
any evidence of residual contaminants. Fluoride
from the etching is the most common surface con-
taminant and it shows up as a pale bluish stain.
While undesinible, the fluoride stains do not
result in any increase in corrosion bey~bd the

The precision with which the diameter and length
change measurements are made determines the ac-
curacy of the test. Specially designed equipment is
necessary for these measurements since the
changes are very small.. Normal measurements
with hand held micrometers and ruled scales will
not suffice.

Hydride Orientation
Since highly circumferential hydride platelets are
necessary for good ductility after corrosion in
reactor service, a test to look at this feature was
'developed. The test method is also an Appendix to
the ASTM tubing specification. A~mall tube sam- ".
pIe .must be carefully cut to avoid adding a
residual stress to the sample because stress affects
the direction of hydride precipitation. The sample
is charged with about 200 ppm hydrogen by one of
the methods Usted in the ASTM specification.
SANDVIK uses the gas hydriding method. The
sample must be slowly cooled from about 350C in
order for the hydride platelets to be large enough to
count accurately. The sample is mounted using a

; cold epoxy type mounting, again to avoid stress
and heat which would redissolve the hydrides. The "
sample is then given a normal metallographic '
poUsh and a Ught etch to bring out the hydride
platelets as shown iil Figure 4-5. Hydride plateletslf~'

." '~;f;:~l
"l'j!i!+. ;.,~.."'¡ :.JL...¥1P~J.*A4<~Agt,.. ~~f't
~~~~il '<:;'i';¡!;I?1fA:

...•....,

MIc:rograph
of Typlcal
SANDVIK
Tubing

Figure 4-5

\.,



,¡

50
* ;.- P l'~' 'q.;;I'ql~q

Tesring and In.~peclion
'",~:\-f;: 'F~.i¡¡f;!i'\"~t::~~'H,;:t"$~:lli""1 ;; <~;)rf.~~1(,~~H1r!1t-:~~::!Hll~~¡nl~.".Ft~;>~l'¡:~•.;I~:1~~t1~f;,~:;1l. .;)[ j';!1t"fil'

~,.~-,~.

5/

in scanning deetron microseope phorographs.
Even etehed surfaces can be quite differcnt. The
flowing acid eteh used by SANDVIK produces
much smoother surfaces than does the simple dip
etch in common use.

Dimensional Inspection
Ultrasonics makes possible inspection of tubing
along its entire length for diameter _and wall
thickness. In this technique, two transducers are
positioned on either side of the tube in a water
tank as shown in Figure 4-6. A sound beam is sent
toward the tube from each transducer. The first
reflection from each sound beam is from the outer
surface of the tube and is used to measure the out-
side diameter. The sound beams then entcr the
tube from each side and return a second reflection
from the inner tube surface that is used to measure
the wall thickness. The inside diameter is deter-
mined by electronically subtracting the two wall
thicknesses from the outside diamcter. The
measurements are made several thousand times a

Figure 4-6

Scbematlc
Representatlon
of Ultrasonlc
Dimensional
Inspection
of Tubing

Transducer

/sound Beam

1SI
Retleclion

!<l.Transducer

walf

Surface Roughness
Most specifications specify a maximum roughness
using the ANSI profilometer method of measure-
mento Here a diamond stylus, with a certain
radius, is moved over the surface and the devia-
tion from aplane is measured. The arithmetic
average of the deviation is calculated by the in-
strument and expressed in microinches or
micrometers. This is the common method used for
many machined and ground parts of aH kinds.;
When evaluating the surface of zircaloy fuel clad-
ding, the features making up the deviations from .
the plane can be quite different and still produce.
the same numerical value. A mechanically polish- ,
ed, an etched, or a grit blasted surface can aHhave'¡
the same roughness value and yet respond much t.l-'
differently to important tests. EPRI, in report ,~~,¡
NP3009, showed that the iodine stress corrosion~;1
cracking tendencies were.markedly different for ail
rocked, etched, and gnt blasted surfaces even~;
though the tubes had much the same roughness~¡,
when measured by the pro filometer technique ..~i
Figure 3-13 from Chapter 3 shows these surfac~~!

,:.\,~,I

initial few days in a test. J. ne protective black ox-
ide forms under the stain and it vanishes as the
oxide film grows thicker with time.
More recently, a test using etched specimens and a
test temperature of 500 to 520C has been used for
Zircaloy-2 when applied in BWR's. This test
shows the tendency of the tubing to be susceptible
to nodular corrosion. ASTM has been working
for several years to obtain consensus on a
reproducible test method, but as yet has not been
able to do so. The test is extremely sensitive to the
test temperature. Variations in test temperature
considered normal in the 400C test are too great
for the higher temperature test, if results are to be ,
reproducible. The results of the ASTM work are
reported in ASTM STP 939. '

..~
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second as the tube is' rotated and advanced
through the transducers. The measurements are
displayed either on a paper char! 01' 3 cathode ray
tube (CRT) with the recording made on magnetic
media. SANDVIK's equipment marks with an ink
spray any part of a tube that does not meet the ac-
ceptance criteria. The test systems are calibrated
with carefully made dimensional standards which
are run through the tes ter at frequent intervals to
assure that the test remains accurate. Air gauging
ánd laser micrometers are other methods that are
,more precise ¡han the ultrasonic test and are used
to confirm measurements when tubes approach
the specified limits. These more precise methods
areused to establish the reference values for the
tube type dimensional standards used in the
ultrasonic dimensional inspection. The air gauge
and laser micrometer can be set up with standard s
directly traceable to NBS.
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Ultrasonic r'law Testing
This test is a very precise versioll of a test ""ide]y
used for other, more common, types of tubing. 1'0
reliably test using the small artificial referenee
defects specified for fuel cIad tubing, requires a
special technique that was codified by ASTivf and
listed in" the Appendix to the fue] ciad ding
specification. Typically, note hes 0.0015 inch deep, .'i>:
0.004 ineh wide and 0.062 inch long are made by,,"
electdc diseharge maehining in the tube standard., ;,
Four notehes are used; one oriented axially and <
one cireumferentially, on eaeh the inner and outer':
surfaces. Four transdueers are positioned so that
the tube being tested is searehed axial1y in both
directions and eircumferentially in both diree-
tions. Any tube that returns a signal equal to or
greater than that returned by the standard notch is
considered unaeeeptable. Most manufaeturers set
their eqtiipment to indicate a flaw at a somewhat
smaller signal level than that returned by the
specified notch so that there is no possihility that
the tube, upon retesting with a slightly different
test sensitivity, will not pass the test. It is not
possible to have all four of the flaw indications
from the standard notehes equal, so the rejeet
level is based on the smal1est of the four.
It is important to note that the test measures the
amplitude of sound reflt:;cted from the standard
notch and is not strictly measuring flaw depth.
This is a common misconception that leads to
serious misunderstanding of the test results. The
indication is more closely a measure of the pro-
jected area of the notch than its depth.

Visual Inspection
Just as'the name indicates, this is a visual inspec-
tion by a person using the unaided eye. Ordinari-
ly, no magnification is used. Under strong
lighting, the tubes are examined for flaws on the

53
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outer surface by rolling groups of them back and
forth. The eye picks up differences and calls atten-
tion to flaws, contaminatian, or other fearures
that deviate from the uniform finish af the tubing. -
The inner surfaces are ipspected by laoking down
the tube from each end against a fluoresc~nt lampo
By bending the tube slightly, the inner surface can
be clearly seen for .about two feet and large flaws
or dirt can be seen anywhere in the tube. Indica-
tions visible to the eye are judged against stan-
dards of acceptability. Where necessary,
magnification or the use of a borescope is
employed to make a final judgment.
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Chapter 5

Metallurgy

Metallurgical phenomena play a very significant
role in the production and performanl:c of zir-
caloy fuel dad tubing. Very strong anisotropy
results from the hexagonal crystal structure and a
character'istic preferred crystal orientation in tub~
ing. The microstructure consists of intermetallic
compound particles dispersed in a basic structure
of alpha zirconium. The size, composition, and
distribution oí this compound phase has a pro-
found effect on nearly all of the properties of in-
terest for fuel cladding .
Zircaloy-2 and Zircaloy-4 were long thought to be
nearly identical in metallurgy and properties, ex-
cept that Zircaloy-4 absorbed less of the hydrogen
produced by the corrosion reaction in water or
steam. It is now known that while there are many
similarities between the two alloys, there are dif-
ferences that are crucial to their application in
power reactors.
This section presents a basic review of the
metallurgical phenomena that are important in
understanding how the composition of rhe alloys
and their metallurgical structures act to produce
the properties observed in the tubing. The discus-
sion is not exhaustive in detail, but is intended for
engineers not already familiar with the basic

55

:,
\



56 Metallurgy Merallurgy 57

e

.-

. The alphá -ur room temperaturc phase is hex-
agonal close-paeked (HCP). The beta phase is
body centered eubie (BCC) and begins to Carrn at
the grain boundaries of the alpha grains upon
heating aboye about 800e. The fraetion of beta
phase increases with temperature until at about
980C the mierostrueture is all beta phase and near-
ly aH of the alloying elements are in solid solution.
The beta phase cannot be retained at room
temperature even by rapid quenching. The rate of
cooling from the bctu phasc is OIlC 01" the 11lost
significant parameters with respect to corrosion
resistance.

Alloys
Sorne .. elements due-h-as~c-a.rbon, óXffén~

Ísilic0ntWerefoñ~-ily consid~rea tO e Jhp~rities
in_zircaloy . They"have.-now beeg.,-found~t~ .::;
lesseñt-i-al"'a.. Hoying.'élem."en.t'f.t11.1t*.Rtav an imOortant ' .

.. .~:;UIii'" .~

fo1e;in;the;ñ1etallurgytof,thelalloys.
The elements in zircaloy that tend to stabilize the
alpha phase are tin, oxygen, hafnium, aluminum,
and nitrogen. Antimony, beryllium, lead, and
cadmium are also alpha stabilizing elements.
Iron, chromium, nickel, molybdenum, copper,
niobium, tantalum, vanadium, thorium, uranium,
tungsten, titamum, manganese, cobalt, and silver
all are beta stabilizing ~lements that lower the
allotropic transformation temperature and usually
form eutectics at higher concentrations and in-

.'. - termetallic compounds at room temperature.
'1~'&;1,j

'".'••'.i.'..'..'.. '..~''''. TI.u. '.::..£\ .::-',';

!:~f,r~Tin is the original alloying element in the zircaloy
/~';H family. Zircaloy-l was simply zirconium with
~~':~ 2.5OJotino Tin is an alpha stabilizing element that
~W~\ exists in solid s~Iution in zircaloy contrar)' to the

~I :;,~]~~phase diagram~ ~~ich show solid so~ubi1ities less
:J;:j~ii~than the 1.5 OJoIn Zlrcaloy-2 and -4. Tm was added

.'";;-~~::,S~~t~
. .' "~"'.~~)~i':('~;¡,

metallurgy of these very interesting alloys. Thcre
is much yet to be learned as there are sorne
phenomena that have not been satisfactorily
explained.

Microstructures
Both Zircaloy-2 and -4 have recrystallized
microstructures at room temperature that consist
of equiaxed grains of alpha zirconium with Hn in
solid solution and the iron, chromium, and nickel

i forming intermetallic compounds with zirconium.
; These intermetallic compounds appear as particles
in the microstructure as shown in Figure 5-1. The
primary intermetallic compound particles are theW.m and Zr2Ni type compounds with' iron
replacing sorne of the chromium or nickel. Both
compounds are found in Zircaloy-2, while only
the chromium compound is found illlZifF~Ho~ •.
In spite of the larger content of iron in the alloys,
the zirconium-iron compounds are not normally
presento

Figure 5.1

Scannlng ¡¡:
E1edron .
Mlcrograpb of
Recrystalllzed
Zln:aloy
Sbowlng
D1strlbutlon of
Intermetalllc
Compound
Partldes
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to counteract the adverse effccts of the relatively
high nitrogen content. of early zirconium on corro-
sion resistance. In addition, it significantly
strengthens the alloy. With the current low levels
of nitrogen present in zirconium, only 0.2070 tin
would be needed to tie up the nitrogen. In the
recrystallized condition, the tin and oxygen con-
tents determine the. strength levels.

.~""v "';".V"I;'I;. ..!~lf;'¡_U¡~",'~"';I;¥,;,;J;'
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. i
Nickel wa:s'found to promote the absorption of
hydrogen during corrosion in water and stcam.
Zircaloy-4 was developed by ~liminaring the
nickel, but required additional iron in place of the
nickel to get good corrosion resistance. The roles
of these alloying elements in the corrosion
mechanisms is the focus of much of the research
being conducted to improve corrosion resistance.
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Iron, Chromium, and Nickel
These elements promote the corrosion resistance
of the alloy in a yet-to-be understood manner.
They are beta stabilizers and rapidly dissolve in
the beta phase as it forms on heating aboye 800e.
They are mobile in the alpha' phase aboye about
600e so that .intermetallic particle size and
distribution can change markedly depending on
the thermal history of the tubing. Prolonged
heating, just below the start of the beta phase
transformation, will lead to the intermetallic par-
ticles precipitating at the grain boundaries.

ExamioatioRrOf
ZircaJoy
Specimeos for
IotermetaJllc
Particles io
the Scaooiog
Electroo
Mlcroscope •••• \ M ',',c ~ "'IlIiIIr~ -, Ii~,!".Fl

,Ik"el
:~~t'tt
'.T1~"¡:
':"fjo ,,'
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f~i1
,~y;;r:

Oxygen
This was one of the first impurities to become an
alloying element in zircaloy. Oxygen is an alpha
stabilizer and is soluble in both alpha and beta zir-
conium well aboye the levels used in commercial
alloys. It functions as a solid solution strengther in
zircaloy and is generally present at about 0.125070
in fuel clad tubing. Its strengthening effect is
greater at room temperature than at elevated
temperatures.

Carbon
Another impurity turned alloying element, carbon

. is soluble in alpha zirconium to about 100 ppm and
only sparingly soluble in beta zirconium. It forms
an extremely stable zirconium carbide which seems
to nucleate the beta phase upon heating and the
alpha phase upon quenching. In both cases, carbon
plays a critical role in developing the desired mor-
phology during beta heat treatments. Its <1~resenc
seems to Rromo e clíe BaSKet weave tYRe mQt
IRli.slg¥Jjiaa~A~.of.t~i&aé2:11el}ºtftelmOrRhoto~J.
C;Wppnlthat~¡;ll}~~ll~S~l!!!~Qntaaasrpn:;~Jrrengl.h
tOlthejall-ºy-..'fAHcontentsrgf€ái~Hian 2-50 ppm, car-
bide particles are clearly visible in the optical
microscope. SANDVIK uses a carbon level of
about 120 ppm to produce a desirable microstruc-
ture in billets and extrusions. Sorne investigators
have claimed an adverse effect of carbon on corro-
sion resistance, but as yet the evidence is not
convincing .

j
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a. Lead'::' At one time, the Kroll reduction fur-
naces had lead seals which were solidi fied
during the evacuation step where air was
removed [rom the furnace and malten dur-
ing the reduction cycle so that a rapiJ rise in
internal pressure wouId not expIode the
unit. If the vessel developcd a negative
pressure during the reduction cyc1e, the Iead
was sucked into the furnace, contaminating
the zirconium.

b. Copper - The ingots are melted in a water-
cooled copper mold anda displaced arc dur-
ing I]1elting. can lead to copper contamina-
tion in the ingot, or at least on its surface.
In actual fact, copper, to the level of several
hundred parts per million, improves the
corrosion resistance of zircaloy.

C. Magnesium - Magnesium is the metal used to
reduce zirconium from the tetrachloride in
the Kroll process. Most of the magnesium is
removed during vacuum distillation of the'
zirconium sponge. The remainder is removed
during the vacuum melting. The requirement
probably originated when inert gas melting
was used in the early production years.

d. Hydrogen - Hydrogen is reduced to about
5 ppm during vacuum arc melting, but can
be picked up from the atmosphere' during
heating operations or from the hydrogen
produced during pickling operations, if not
done properly. The nitric acid in the nitric-
hydrofluoric acid mixture used for pickling
zircaloy oxidizes the hydrogen and prevents
its absorption into the metal. Vacuum an-
nealing in the alpha phase range at pressures
of 5x10" torr or less will reduce the
hydrogen content to less than 25 ppm if
higher levels are introduced during
manufaeturing. Hydrogen is not very solu-
ble in zirconium at room temperature and

"'-.'.~ '1' S')'I¡'H I leon
,':"! ~i

Like carbon, silicon is not very soluble in beta or
alpha zirconium and plays a similar role in
nucleating the phases during beta heat treatments.
This results in a finer beta grain size and improved
corrosion resistance. SANDVIK uses about 80
ppm silicon in its zirealoys.

Impurities
The list of impurities' given in various specifica-
tions come from a variety of sources, not aH of

, which are technieaHy valido A listing of the more
commonly referenced impurities, with sorne."
diseussion of their effeet and where the require- ,
ment might have originated, is presented next.
1. Elements known to have an adverse effect on

eorrosion behavior sueh as aluminum and
nitrogen.

2. Elements with high thermal neutron cross sec-
tions sueh as hafnium, boron, cadmium, and
molybdenum.

3. Gther elements that could be introduced during
Ji- manufactúre,

Examioatioo of
Zircaloy io
Ih4!F.IKlro"
Mlc:roscope
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parallel plate structures consist of alpha zirconium
platelets with fine particles of intermetallic com-
pounds, sorne of which are metastable, at the
platelet boundaries as shown in Figure 5-3. There
is also sorne evidence frem work on corrosion in
sulfuric acid that there is a thin continuous film at
the platelet boundaries. The particle size and

... !

•
preClpltates,- in the form "of) zirconium

~ hydride pl.'!t~l~ts preferenti~lly at right
angles to the basal pole of the JIletal crystal.
Small hydrides are visible eV'enat hydrogen.•.. .
levels as .1owas 15 pphL :). .,

Most impurities listed are generally not present in
nuclear grade zirconium and for practical purposes
are reported as less than half the~specified limito
Measurable levels of hafnium, nitrogen,
aluminum, and hydrogen are normally found, but
are generally well below specified limits. Table 3-1,
in Chapter 3, shows a typical composition certifica-
tion for an ingot

Beta Quenching
In the 1960's, a manufacturing process consisting
of a solution anneal in the beta phase aboye l000C
followed by a water quench at sorne intermediate
size during manufacture became standard prac-
tice. This heat treatment is commonly called "beta'"
quenching." In the tubing manufacturing se-
quence, the forged bars are beta quenched prior to
extrusion or, in sorne instances, prior to the last
hot working step. The beta phase is not retained at
room temperature, but transforms to alpha plus.
the intermetallic compound particles during the:'
q~n~.' .

The beta quenched structure is shown in Figure 5-2:t
and 5-2b and is known as the "Widmannstatten" .
structure. Two variations of trus structure can oc-:,.,
cur. One is the basket weave variation shown in '.;~~.i:"
Figure 5-2a. The other is a parallel plate structure"f~jj
where the platelets are line~ up "Yitheach oth~rj~~::j
and have the same crystal onentatlOn as shown m.1:tr~
Figure 5-2b. In this forrn, the prior beta grain con-;;tL,j
taining the paralleI pIates reacts to working like a'~~~;~¡
large single grain. The. basket weave s~ructur~ is'¡'~'i;.~
much preferred for umforrn deformatlOn dunng ;,~\:.;l
cold working. Both the basket weave and the~:~;1
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~~i1¡~~.t!¡¡SitllS!!i$.a.t't~eát~nent ¡s. (5+r,~fiIletire;
s ze ot"tne mtermetalllC Qar,Hcles,slI1ce the slo~;'
cooling' encountereCi, iw thelllgot'.fCi'fgirrg steps
,~a~sftoJ,\:ge ,Rarticles.¡.gro1up.ed,a onglgr~jn.l:57ou!;-
flElesf1tHl.~t.p.~~tujejs:ncavw.c~rr,bsl on\¡~ls-
~.!:andlP'doeSW!lOt ,c0Q;R!¡tFly.jj~,eaK:up~unf1g
(SU l:5sequent;metal7wor Klng.aQRera tI ons •...r,egar,Clless'
;¡;fEhetdtf9rmatio~temp.#atUr.et A cooring rate of
50(3!-miñ'isisufficient to refine the particle size and
dístribution for good corrosíon resístance to 400C
steam. Faster rates may be better for nodular cor-
rosion resistance. but a specífic minimum rate has
not yet been established. Smaller diameter billets,
or billets 'with the hole drilled in them prior to the
beta quench, have been used to obtain more rapid
quench rates.

~, In 1975, SANDVIK developed and patented a
process for tubing that incorporated a second beta
quench step during the series of cold reductions
used to make tubing. This process produced
Zircaloy-2 tubing with remarkable resistance to
nodular corrosion, while retaining the structure
and mechanical properties of cold worked and
stress relieved tubing. The product is called
BETACLADTM and is discussed in more detail in
the corrosion section of Chapter 6 on Properties.
The process is modified when hollows of "barrier
ciad" are treated. In this case only the outer POf-

tion of the hollow is heated into the beta region
while the inner surface is cooled and remains
unaffected.
As a general rule, beta quenching the billet prior to
extrusion removes the contribution of earlier metal
working and heat treatments to the metallurgical
structure. For this reason, little attention is current-
ly paid to the effects of microsegregation in ingots
or the thermal history used to forge and roH the
bars used for.' the extrusion billets. Thermal
treatments subsequent to the beta quench are very

,1) ¡
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'~)'1

,fr:~!
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platelet width are related to the quench rateo
The size and shape of the parent beta grains are
easily seen in low magnification micrographs like
Figure 5-4.

'Figure 5-4
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important and determine the corros ion and
mechanical propl~Ities of the tubing.

Mechanical Working
Sorne early processes included a hot working step
after the beta quench to refine the grain size for
extrusion or simpIy to reduce the bar to the size
needed for the extrusion billet. This hot working is
usua11y done with a preheat to between 500 and "

<í8OC so that the structure remains in the alpha
plh{?é. This process has not been widely used in
the last five years, but is of interest because of the
efft:ct that lhe ht:aling [or lhe hol working step
may have had on intermetallic particle growth
which is a key feature of interest in corrosion
resistance. Nearly a11ofthe tubing made in the
1970's and early 1980's was made with the alpha
forging step after the beta quench.
The extrusion step is nominally a hot working:
operation conducted in the alpha phase region. In
sorne cases, it is metallurgically a cold working
operation in that the extrusion does not;.
recrystallize during the working. Extrusion pro-,{'¡
cesses, both with and without concurrent,~ 1
recrystallization, are in common use. In those '%J
cases where the resulting structure consists of ~1i!f
elongated grains typ'ical of cold worked material: ~~;,
an anneal is usoed to recrystallize the extrusion~,~.i~.,
before the first cold working step. Since thé\#t

.:~H~'

amount of residual cold .work is relatively small,(#.:¡
the anneal temper~tur~ IS kept around. 625C to.~~xj
prevent a large gram Slze from developmg. T~US;~Xii~
far, both processes seem capable of producmg"!~
tubing of equivalent performance.:,:f;l"

,:~~;~:
Cold Pilgering :,";~~~~'

'-'!&.-:~,:;;' -1
Manufacture of fuel cIad tubing requires a SerieS'ii;;¡'
of cold working steps to reach the final size. Cold:;~;;.\
pilgering is used exclusively for cold reduction ~f_~~t.

"l

) I

fueI cladding. The process starts wi(h an extrusion
which is over three inches (80 mm) in diameter.
The deformation and metal flow durfng thesc cold
working steps cause the metal crystals to align
themselves in the tubing (preferred orientation or
crystaI texture). This phenomenon is covered later
in this chapter with an appropriate introduction to
the crysta110graphy of the hexagonal close-packed
structure.
Excépt for the crysta11ography, the meta11urgyof
the cold working is simply mechanical distortion
of the structure followed' by anneals to
recrystallize the cold worked structure [or the next
step. The cold reductions are genera11ylarge, of
the order of 60 to 80 percent reduction in area.
These reductions are more than enough to assure a
uniform fine grain size after anneals, generally
ASTM lOor finer. The reason cold pilgering is us-
ed rather than drawing lies in the economics of the
process and the metallurgical requirements for
control' of crystal orientation. Cold drawing is
limited to 15.or 20 percent reductions in area bet-
ween anneals and must employ lubricants which
are difficult to remove.
SANDVIK employs conventional cold pilger pro-
cesses using a stationary tapered mandrel for all
except the last reduction pass. The final cold
reduction is made by a patented process on a mov-
ing cylindrical mandrel so that essentially a11of
the reduction is in the wall thickness. This pro-
duces a very stable and desirable radial orientation
of the metal crystals.

Heat Treatment
Intermediate anneals are required between the
cold pilger reductions to soften the metal for suc-
ceeding reductions. For many years, this softening
was the onlyconsideration in trus step. In the
1980'.8; a re1ationship between the metallurgicaJ
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results obtalHed. Partic1e size is useful in research,
but useless for specification purposes.
Since a number of intermediate anneals are uscd
and each can vary in temperature and duration, an
annealing parameter has been proposed to
generate a number that can be used to correlate
corrosion behavior with processing history. The
equation most used is modeled after the tempering
parameter used for steel heat treatment.

. A = I. ~exp (-Q/RT)
where A is the cumulative annealing

. panullclcr .
ti is the time in hours at temperature T
Q is an activation energy
R is the gas constant
Ti is the temperature in Kelvin

The most commonly used activation energy,
80,000 cal/mole, is based on the activation energy
for recrystallization. Andersson, of SANDVIK,
determined the value to be 63,000, based on actual
measurements of corrosion tests made at 4ooC. in
yet another study, Wadier of CEZUS developed a
value of 37,400 using the Ostwald ripening theory
for partic1e growth in zircaloy. Again, like the
partic1e size, the annealing parameter is useful in
developing an understanding of the various
underlying mechanisms affecting corrosion, but it
also is, not the entire stQry. The very distinct dif-
ference in corrosion behavior shown in Figure 6-13,
between stress relieved and recrystallized Zircaloy-4,
is not predicted by the infinitesimal difference in the
calculated cumulative annealing parameter. It is
also difficult to assign an annealing parameter to a
production lot where different parts of a furnace
load have seen not only differences in the anneal
temperature, but much different heating and cool-
ing paths. There has been pressure to use annealing
parameter in specifications, but as yet no consensus
on its calculation technique has been established.

~
structure and corrosioll rt:sistance was found that
added a new, and as yet incompletely understood,
dimension to the role of the intermediate heat
treatments. Here Zircaloy-2 and Zircaloy-4 differ
as do 'the corrosion regimes that they usually face
in power reactor service. Zircaloy-2 is the
predominate cladding for BWR's and Zircaloy-4
is used in PWR's.
The following is a. relatively simple treatment of a
very complex technical area. There are many

,~iverse speculative hypotheses as to the
¡ metallurgical mechanisms behind the observa-
I tions. It has been found that rapid cooling of

Zircaloy-2 from the beta phase, followed by cbld
, working and annealing at the lowest póssible

temperatures and times, produce the best
resistanee to nodular type eorrosion in the BWR.
SANDVIK's research lead to a patented process
employing a beta quenehing operation near the ,:;,,
end of the cold reduction process. Only one in_,L
termediate anneal was needed betweert pilgering ':' ,
of the quenched hollow and pilgering to the final :}, :!
tube size. The proeess can also be applied just'~. :;
prior to the last eold reduction, but the resulting '{l
strueture contains sorne residual transformed beta!{}1

'.'.>..~;~'.'" ;$

platelets and lacks the desired uniformityfor;'¿;j:::"'!
stress relieved c1adc:ling. ',.
In eontrast, it has been found that Zircaloy-4 re-.,'
quires a eertain minimum time and temperature ine;.;:.,!
the intermediate anneals to develop the best corro<ª/:i
sion resistance in the PWR environment. There'¥J:~!

,', , . • '.• """,;1
have been many attempts to eorrelate thIS ;W;"(!
behavior to the intermetallie compound size andi~(Cr
distribution. They have produeed interesting but ';;;..;J
incomplete explanations of the corrosion "\(f~'j
behavior. Determination of partic1e size and ;~Ll
distribution in the sub-mieron size range is dif-/:;~:j'!
ficult at best and there are many disagreements '.t(.[A

. ':'l'~';~','j

between investigators. in the methods used and the~i;;H

••

,
'! • \
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begins and the strength falls off rapidly with in-
creasing anneal temperature until r~crystallization
is complete and no further reduction in strength
occurs. The sIope of the curve Ín the region of par-
tial recrystallization depends on the amount of
cold work in the final pass. The higher the coLd
work the steeper the rate of reduction in strength.
Very accurate and uniform heat treating equip-
ment that ca'n hold temperatures to }lIusor minus
ol1e1Iegree Celsius is' needed to provide tubing-
wi111\.iOiformprORertIe~ when. the aCSIrt~astrength
level is in this ~gion o(gpld change. The -ifrength
and ductility of zircaloy do not change uniformly
with the temperature at which the strength is
determined. There is a leveling off of the strength
and a sudden decrease in ductility in the region
between 200 and 350C as shown in Figure 6~2.The
behavior is knownas "strain hardening" and is
caused by interstitial elements that diffuse
through the structure and interfere with the move-
ment of dislocations. At still higher test
temperatures, the strength falls again and the duc-
tility rapidly increases.
Figures 5-6 and 5-7 show typical microstructures
for finished tubing in both the stress relieved and
recrystallized conditions. The views are
longitudinal to illustrate the elongated grains and
the large amount of distortion in the stress reliev-
ed structure.
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The final heat treatment of fuel dadding may
either be a so-called "stress relief anneal" (SRA)
or a full recrystallization anneal, depending on the
particular application. In most instances, the
stress relief anneal is really a partial recrystalliza-
tion to reach a desired balance of strength and
ductility.¡The range of strengths and ductilities that can be
developed through variation in the amount of cold
work and the final anneal tempera ture is il-
lustrated in Figure 5-5. Cold reductions ol' 80% in
the final cold pilger operation produce a relatively
small increase in strength over smaller reductions
of about 50070I but result in much improved duc-
tility, particularly in the burst test. The strerigth
curves for the two levels of cold work cross as the
anneal temperature is increased because the higher
level of cold work causes recrystallization to begin
at lower anneal temperatures. The amount of cold
work in the last reduction also affects the creep ,
strength as will be discussed later. The curve is fi~;
nearly fIat, up to about 475C, as only true stress ~Jl~1

'~:, relief is occurring. Beyond 475C, recrystallization :[1;
,¡t, ;;;:'i
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A random texture in a recrystallized tube as shown
in Figure 5-9c would produce a tube with isotropic
properties. The typical cold pilgered tube has a
crystal texture with none of the basal poles onemed
in the axial direction of the tube. The crystals are
arrayed in the radial-circumferential plane perpen-
dicular'to the tube axis. Apure circumferentia! tex-
ture would be as shown in Figure 5-9b and apure
radial texture is shown in Figure 5-9d. Jt is not
possible to produce pure textures in tubes and
distributions of the basal poles in the radial-
circumferential plane characterize various types of
crystal textures.
Cold pilgered tubing is characterized by having the
greatest number oí poles oriented at about

Crystallography
The hexagonal crystals that comprise zircaloy pro-
ducts play an important role in many of the pro-"" 1

pertie~ of interest to fuel designers. To vi~ualize ,j;:;.t
the ahgnment of the crystals, the basal pole lSused.;d.)¡k:1
a~ a reference. The basal pole isa vector perpe,~~I~~:í
dlcular to the basal plane oí the crystal as shown ,t¡"~1,

in Figure 5~8. ' ;', · ..
Zircaloy deforms by both slip and twinning. SÜp~Wf~
occurs only in the "a" direction on the prism and:J~Í.?;~
pyramidal planes as shown in Figure 5-8. Twin~:~itl
ning occurs as a nuniber ofstrict crystallographic."~4~
relationships. The combination of twinning aridJY¡
slip leads to a strong preferred orientation of the'::~~
crystals (texture) during cold working. While most~1;,J
of the deformation in cold pilgering is by slip;}:(!
twinning is the process that rotates crystals of one ;~;it
orientation to another and thus is of the greates~~~1J
significance to the metallurgist. '.~M~~'i:~J

').;~:~~t
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Figure 5-9
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Metallurgy-,
30 degrees from the tube radial direction. In the
diseussion of tube textures, those with most of the
basal poles doser than 45 degrees lo the rube
radial are considered "radial" textures and those
with most of the poles in the 45 to 90 degree region
are called "circumferential." As will be seen in
the later discussion, seemingly small differences in
the orientations can have very significant effects
on properties~
Qne of the most common methods for represen-
ting crystal orientation is the construction of a
stereographic basal pole figure.' Through the use
of X-ray diffraction, the number of crystals in a
sample oriented in each direction can be plotted.
The basal poles are located by referring them to a
three dimensional plot with the sample at the
origino The axes are: the axial direction (AD), the
radial direction (RD), and the circumferential
direction (eD). The circurnferential direction is
also known as the tangential direction. The in-
tersection of each basal pole with a hemisphere sit-
ting on the axial-circumferential plane is a point
representing that crystal. Each of these points is
projected back to the axial-circumferential plane
as shown in Figure 5-10. A two dimensional plot
of the density of the points which represent the
crystals is obtained. Lines are drawn outlining
regions of equal density of the crystal orientations
much like a contour map:The contour lines repre-
sent multiples of random orientation.
The pole figure is made from a sample of the tube
that has been thinned by acid etching and then
elastically flattened and attached to a specimen
holder for examination in the x-ray goniometer.
The technique can measure the texture at different
points through the tube wall, depending on how
the sample is thinned. A relatively simple reflee-
tion technique can measure the intensity of the
planes that are doser than 70 degrees to the radial

-,
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¡¡ direction, but a more complex combination Of:l.'<1
, reflection and transmission is needed to determine:!:;f~;~

, ' the entire pole figur~. A very detailed explanatic>'~:'i},~
of the procedure for makmg pole figures was3b!k'l

. published .in a.paper by Wilson, of SANDVIK,;,i&¡~Y'::
the Scandmav1an Joumal of Metallurgy ."'1~~;f~¡<!~

~ - ":'~';~:',f:~V'',:~
Stereographic pole figures can be constructed for:fi:(:¡
any crystallographic planeo A pole figure made;!;',:i
from the 'prism planes shows that recrystallization 't.;r ~'
has a marked effect on the prism plane orientationR:¡
even though it has only a very small effect on'~i,il
basal plane orientations. Most of the properties of~ii¡
interes! are related t? the basal plane orientatio~!lír;!;¡
and th1Spoie figure 1Sseen mos! often. :':('ó'tit '~

The stereo pole figure presents all of the informá~jf}~1¡¡
tion about crystal orientations, but 1Sdifficult to~.".'.'

I - •••: :"',",,~~::':~f1'ir..; '_.~:'':,
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Figure 5-10
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interpreto SiÍlce aH of the basal poles lie near the
radial-circumferential piune, a section through the
poi e figure on this plane \Vil}present the most im-
portant data, which js the relative density of
crystals oriented in that planeo It is easier to see
the significant features of the basal pole distribu-
tions, as shown in the basal pole figures and their
corresponding cross section plots, in Figure 5-11.
The heights and widths of the basal pole distribu-
tions are the key features in interpreting the effect
of texture on properties.
Neither the basal pole figure nor the cross section
plot provide a numerical index of texture for use
in statistical correlations with other properties ..
Several such indexes have been proposed. One is
simply the angle from radial (<1» at which the
density of basal poles is the greatest; the peaks ih
the plots shown in Figure 5-11. A second widely
used set of index numbers are the Kearns
parameters, which give the effeetive fraetion of
basal poles in eaeh of the direetions. These are
simply geometric resolutions of vectors of basal
poles and are expressed as relative to random oc-
currence. The Kearns parameters sum to one. The
most frequently used number is the representation
in the radial direetion, fro The value of fr for each
of the textures is given in Figure 5-11.
The contractile strain ratio, or CSR, is a simple
measure of crystal texture. It requires only a ten-
sile test machine and sorne very aceurate measur-
ing devices rather than the complex x-ray equip-
ment needed to construct a pole figure. The test
procedure is described in Chapter 4 and produces
a number related to texture. The ratio of the
Kearns parameters f/fl is approximately equal to
the CSR value, as shown in Figure 5-12. Values
for CSR of one or less represent circumferential
textures, while values of two or greater are strong-
ly radial.
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Figure 5-11 Figure 5-12
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Since slip provides the path of least resistance to
deformation and it occurs only in one crystal
direction, a tube will have very different
mechanical properties depending on the texture.
In a longitudinal tensile test, both radial and cir-
cumferential textures,have the primary slip direc-
tion oriented parallel to the stress and exhibit the
same strength, though the deformation is much
different. A radial texture resists wall thinning
and promotes diameter change and so the tube
necks down during straining, which is similar to
tensile tests on ductil e materials. A circumferen-
tial texture resists diameter change and favors wall
thinning and the deformed tube remains at a near-
ly constant diameter right up to fracture.
The control of crystal texture enables a fuel designer
to choose, within sorne limits, the directions of
greatest strength and maximum ductility. To take
advantage of this relationship, it is essential that the
texture be uniform and controlled if the properties
of the tubing are to be the same from tube to tube
and lot to loto Tenckhoff, in ASTM STP 966, pro-
vides an excellent detailed description of texture,
deformation, and anisotropy in zircaloy.
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Properties such as hydriu~ orientation; irradiation
growth, creep, iodine stress corresíon cracking
resistance, and even resistance to corros ion in
water and steam are affected by the orientation of
the metal crystals, as will be discussed in Chapter 6
on Properties and Performance.

e

e

Source:
Knorr and
Pelloux,
ASTM STP 824
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Figure 5.14
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Figure 5-13 represents a typical sample of
SANDVIK's current fuel dad tubing. The basal
pIune orientations of the crystals are determined
by the reductions employed in its manufacture.
Heat treatment strongly affects the prism texture,
but has a lesser impact on the basal texture. The
unique reduction technique used by SANDVIK
results in a relatively narrow band of distribution,
closer to radial than those produced by the con-
ventional process. Figure 5-14 illustrates this dif-

ference. Lot 1 is SANDVIK tubing and is
characterized by the narrow high peaks at about 30
degrees from radial. Lots 2 and 3 were produced by
different versions of conventional processing and
have more random textures with low flat peaks,
which are somewhat further from the radial direc-

i tion. Another way of presenting the distribution of
orientations is shown in Figure 5-15. Here we see
the cumulative volume fraction of the crystals
oriented at various angles from the radial direc-
tion. The same three lots are represented in both
Figures 5-14 and 5-15. This particular presentation
is useful in understanding the resistance of zircaloy
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Figure 5.16

')
Reduction sreps can then be chara,cterized by the
reduction in are a and the Q or QE ratio. This
characterization, illustrated in idealized form in
Figure 5-16, is quite useful. Like the others in this
book, they tell only part of the story. The pure
textures in the figure cannot be obtained by pilger-
in'g. High Q values for a reduction pass tend to
rotate the crystals so that their basal poles are
closer to the radial direction. Reductions with Q
yalues less than one tend to produce crystal orien-
tations close to the circumferential texture. It is
possible to come closer to the ideal circumferential
texture than the radial one. The Q ratio can vary10
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tubing to iodine stress corros ion cracking, which
will be taken up later in Chapter 6 on Properties
and Performance.
The deyelopment of the crystal texture in tubing is
often characterized by a ratio of wall reduction to
diameter reduction called, the "Q" ratio. Q was
first defined simply as the ratio of percent reduc.~,,:
tion in wall thickness diYided by percent reductiori'lt~

. in outside diameter. Later, it became relatively'~U;.t
standard to use ~he mean. diameter of the tube~tc)~<.¡
calculate the ratIo. A ratIo of the natural strams::i:i
(QE) results in slightly different values. QE i~""i,
more useful because a series of reductions of the
same QE ratio results in the same ratio oyerall':
where Q does no1. 'r .• '

QE = In(W'¡W2) /ln(MD1/MD2)

where W1 is the initial wall thickness
W 2 is the final wall thickness

MD1 is the initial mean diameter
MD2 is the final mean diameter

In is the naturallogarithm
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aIong the reul.1ction cone of each pilger pass and
cause the texture, resulting from two different sets
of tooling, to be quite different even though the Q
ratios are the same. This reIationship was explored
by SchemeI and McKenzie in ASTM STP 551.
This chapter has explored the various
metallurg'¡cal features that each step of the process
presents. It.is important to recognize the relation-
.ships foÍ' what they presently are. They are very
useful tools in developing an understanding of the
metallurgical phenomena that take place as zir-
caloy tubing is JIlanufactured, but as yet they are
only guides and not precise predictors of proper-
ties or performance.

-~j

Chapter 6

Properties and Performance e

e

74 micro-ohms/cm

0.037 cal/cm sec deg e

This chapter presents the physical, mechanical,
and corrosion properties of interest to the fuel
design engineer. They are taken from a variety of
sources both new and oId. Where the value is
crucial to the application in question, it is sug-
gested that the value be taken directly from an
original document so that the method of deter-
mination and reliability can be assessed.

Zirconium
Atomic Number 40
Atomic Weight 91.22
Lattice Parameters

HCP a = 3.2312 angstroms
e = 5.1477 angstroms

BCC a = 3.6090 angstroms
Natural Isotopic Composition

Mil •• No. PCleell1

90 51.46
91 11.23
92 17.11
94 17.40
96 2.80

Zircaloy, -2 or -4
Density

0.237 lbs/cu. in.
6.55 g/ce

Electric.al Resistivity
TbermaJ Cónductivity
(300C)
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relationships over a variety of anneal temperatures
for SANDVIK cladding when tested at 400C. ReIa-
tionships at other test temperatures are similar.
The flat upper portio n of the strength curve
represents the true stress relief section, the steeply
descending section is partly recrystallized, and the
lower flat portio n represents fully recrystallized
tubing. Zirconium and zircaloy exhibit an unusual
relationship between test temperature, strength,
and ductility. The effect is called strain aging and is
illustrated in Figure 6-2.

Properties and Performance
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Note the plateau in stren-gth and elongation in the
200 to 350C range. The strength levels off while
the elongation decreases with increasing
temperature for a periodo The balance between
strength and ductility are best shown by the com-
parison of yield strength and circumferential
elongation in a burst test over a range of strengths
as shown in Figure 6-3. In general, the SANDVIK
cladding will exhibit more ductility at each level of
strength than tubing made by the conventional
pfocesses.
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Mechanical Properties
The mechanical properties that can be áttained by
variation oí the amount of cold work and the an- .
nealing temperature were explored in Chapter 5.
Figure 6-1 illustrates the strength and ductility
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Therelure. corrosion is studied primarily through
tests in autoclaves where water or steam can be us-
ed to simulate reactor corrosion. Most in-
vestigators use a temperature higher than that ex-
perienced in the power reactors to accelerate the
corrosion so that tests can be completed in a
shorter time. There is sorne danger in such ac-
celerated t~sts, since the mechanism of corrosion
may change rather than simpIY.9,eaccelerated by
th~~in~rease in temperature. ~T!liis'~rWla:r.~)j
~-¡lh'e;;400MS°.s.O,O~r.ang¡,l,¥fili~~.tN
roe9!1amsmWcliangesfrom un]form corrOSl ñIt.o
,B'oaular.t~p_elCDI¡fOsion.In sorne cases, in or out of
reactor loops are used to better simulate the actual
service conditions, particularly the effects of ther-
mal flux, irradiation, and water chemistry.
Contrary to the early studies, Zircaloy-2 and -4
are quite different in their metallurgical makeup
and performance in power reactors. The better
resistance to steam in an oxidizing media makes
Zircaloy-2 the choice for cladding in BWR's while
the lower hydrogen pickup fraction makes
Zircaloy-4 the current choice in PWR's, which run
with an oyer pressure of hydrogen.
Both alloys form a sub-stoichiometric oxide film
when exposed to water or steam. This film retards
the flow of oxygen to the metal-oxide interface
and the corrosion sIows down as the film builds
up. Investigators have éharacterized this relation-
ship as quasi-cubic in nature. After a period of
time, tite oxide film loses its proLcctivc nuturc und
the rate increases again. Early inyestigators
characterized this behaYior as a transition from
the cubic to linear reaction kinetics. In 400C
steam, the transition occurs after about 40 days
and at a weight gain of about 40 rng/ dm2• Since
the initial weight gain was small, the post transi-
tion rate of weight gain was used as the best index
of performance. Figure 6-4 is taken from an early
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Corrosion
Zirconium and, to a lesser extent, the zircaloys are
resistant to a wide range of inorganic and organic
acids and bases with the exception of hydrofluoric
acid, which attacks them quickly. A very complete
treatment of chemical corrosion resistance can be
found in Volume 13 of the Metals Handbook,
Ninth Edition. In that artiele,. zircaloy is called,.'
grade 704 and Zirconium-2.5Nb alloy is called 70s.}i~:] ~

• .• . ~i'''' ";"':-.?;i~Z:;i";:~
It IS reslstance to water and steam at reactor:~~'Q
temperatures that is of the greatest interest to the Jt,:;
fuel designer. This section is developed historica1:~~ü}
ly for elarity and recogIrlzes that the field is not yef:,'"
completely umlerstood. New wOl'k will certuinly
modify even the bést hypotheses held at the time
this is written.
The alloys of zirconium depend on the formation
of a tightly adherent and protective oxide film for_,
their resistance to corrosion. Corrosion in the~!i
nuelear reactors can be measured only at the inter-"~}~•.
vals between refuelings, which provide only a few';~~..)
data points on the curve oí oxidation rateo .. ...,' .
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Figure 6-3
Relationships of
Tensile Yleld
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Figure 6-4 figure 6-5
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Figure 6-8

Mlcrographlc
Cross Section a
Through a .•.
Corroslon
Nodule
Developed in a
500C Steam
Corrosion Test

black v.dde. This type of corros ion had bcen
noticed earlier in autoclave tests by Johnson at the
Hanford Laboratories and reported in STP 458.
An example of nodular corrosion is shown in
Figure 6-8, whieh includes a cross section showing
the nodule and the surrounding uniform black
oxide film.
In sorne BWR's, this type of corrosion was made
more severe by the presence of a hard CRUD ¡ayer
containing copper and resulted in sorne fuel
failures. There is no eonsensus on the mechanism
of formation of the nodules or.the microstruetural
fenture that may nucleate them. Onc-dny
autoclave tests at 500 to 520C in steam are used to
simulate the phenomenon for study.
The relationship between autoclave test results
and in-reactor corrosion rates have been
postulated by many investigators, but without a
real consensus developing. Most assign an
"enhancement factor," determined by eomparing
the autoclave result with measured oxide film
thickness on irradiated fuel rods from the same
tube loto The details of the corrosion models used
to predict oxide film thickness on fuel rods in
reactor service is .beyond the scope of this book.
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400C Sleam. 10.3 MPa

500

reported in STP 939that at very long times in
360C water tests, the quasi-linear post transition
oxidation rate nearly doubled after about 1000
days of testing.
SANDVIK has been using the 400C steam corro-
sion test to study behavior of various samples of
fuel cladding. After exposure for over 60 days in
.this test, sorne specimens departed from the cyclic
rate transitions to' very high and ever increasing
oxidation rates. The time to this type of transition
:seems to be related to in-reactor corrosion be-
:havior as proposed by Sehemel et al. in STP 1023.
•MoSl of lhe normal cladding lllulcrillls in this test
1 continue to show the cyclic behavior, even. after
700. day's exposure and weight gains of 400.'

.mg/dm2 or approximately 27 microns of oxide
film thickness~ A representative weight gain curve
is shown in Figure 6-7. The uniform corrosion
described up to this point is typical of behavior in
PWR's and autoclave tests up to about 425C.
In the 1970's, a .different type of corrosion was
noticed in BWR's. This corrosioo produced small
nodules of white oxide iri the film of the uniformJi-

Figure 6-7
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Figure 6-9
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tor service, as well since BWR's and PWR's are
. quite differen~.

The cQmposition limits in the specifications do not
imply that unacceptable performance will result if
the limits are exceeded. The values were set at a
time when little was known of their significance
and represent the best the industry could do at
that time to make the materials. uniform in com-
position. The evidence is cIear that compositions
outside the current limits for zircaloy will produce
bettercorrosion resis!ance. It should be an-
ticipated that these modified compositions will,
after testing for not only corrosion, but also for
needed strength and other properties, lead to a
new series of alloys superior to the current zir-
caloys. Work is now underway to breathe new life
into. an oId zirconium-niobium-tin alloy system
studied earHer by the Russians.

The discussion of Cl-"11position,heat treatment,
and other factors will be based on autoclave test
data with reference to confirming in-reactor data
where it is available.

Composition Effects
Composition of the zircaloys was established by
the Naval Nuclear Propulsion Program and has
remained relatively'unchanged for 30 years. Sorne
elements were originally classified as impurities,
but are now known to be essential or desirable
alloying elements. Oxygen, silicon, and carbon are
former impurities that are now considered
beneficial alloys. The two elements, with strong
adv~rse effects on corrosion resistance; are
aluminum and nitrogen.
The alloy contents of the zircaloys are com-
pro mises between corrosion resistance, strength,
and workability. Kraftwerke Union of Germany
presented work showing that samples of
Zircaloy-4 with a tin content near the lower limit
of the usually specified range (1.2 to 1.7070)had
better corrosion resistance than samples with tin

ifI." contents near the high end of the range. The effect
is illustrated in Figure 6-9, which compares the
weight gain of an alloy containing 1'.2070tin to one
containing 1.55070.' Both are stress relieved
Zircaloy-4 cladding tubes tested in 400C steam. In
a similar type of study, Teledyne Wah Chang
Albany (TWCA) showed that Zircaloy-2 with iron
near the upper limit of the specified range (0.7 to
0.20070)had better resistance to nodular corrosion
than those samples that had lower iron contents. ";:
In each case, the thermomechanical processing
history of the samples strongly affected the corro- .c;

sion result. It is not possible to consider composi-Y

tion independently of the processing. The thermal ,.[ii.
processes that bring out the best properties for one;~t
alloy in one type of test may not be optimum for ';f:~ .
another aUoy or type of test. This upplics to reac-%~'~~:
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Thermomechanical L'rocessing Effects
The importance of the thermomechanical process
in developing good corrosion resistance has been
known since the 1960's when "beta quenching"
was first introduced commercially. "Beta quen-
ching" is a term used to denote a process where
the zircaloy is heated aboye 1000C to an aH-beta
phase structure in which most elements are solu-
ble, and then rapidly cooled, usuaHy by a water
quench. The beta quench structure gives good cor-
rosion resistance, but poor ductility so that a prac-
tice of beta quenching the zircaloy part way
through the metal working steps was adopted. The
good dispersion of the intermetallic compounds
could be retained while subsequent working
regained the desired blend of mechanical proper-
tieso In the manufacture of tubing, beta quenching
was done during the forging of the bars from
which the extrusion billets would be cut. This
relatively simple concept produced zircaloy fuel
cladding with satisfactory corrosion resistance un-
til the nodular corrosion phenomenon appeared in

Ji the BWR's and high-heat-duty fuel designs were
used in PWR's.

Severa! techriiques have been developed that reduce
the incidence of nodular corrosion to sorne extent
SANDVIK's research produced a more dramatic
result by introducing a "beta quench" step near the
end of the cold reduction process. The tubing made
by this patented process is called BETACLADTM
and is totally resistant to nodular corrosion, while
retaining other desirable properties of SANDVIK's
fuel cladding. Figure 6-10 shows specimens of
standard and BETACLADTM tubing with both a "
belt ground and an etched surface after being , ,
tested for 24 hours in 500C steam. Weight gains of )::<
BETACLADTMin the 400C steam test are slightly_>;
higher than for standard cladding, but this has oot ,~~i(i~'~01:;X~

Properties and Performanc~

translated into unacceptable oxide film
thicknesses in reactors. Figure 6-11 shows the dif-
ference between standard and BETACLADTM
tubing in an extended test in 500C steam. The
BETACLADTM continues a linear corros ion rate
after 30 days, while the standard cladding
disintegrated after about 5 days. Both, however,
met the usual requirement in a 24-hour test.
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Figure 6-10
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Anneal Parameter_

)
Chapter 5' on Metallurgy. There i~ ~lso evidence
that the addition of silicon to about 80 pprn
reduces the amount of thermal input necessary to
achieve good corros ion resistance .
The relationship between the annealing parameter
and corrosion for Zircaloy-2 and Zircaloy-4 is

. shown in Figure 6-12. For Zircaloy-2, the pIOl
represents testing in SOOC steam for nodular type
corrosion while for Zircaloy-4 the plot is for
testing in 400C steam for uniform corrosion.
There is, as yet, no consensus on how the anneal-
ing parameter should be calculated and, given the
variation in variolls parts of cornmericaI heat
treating furnaces, it is more properly shown as a
band or range than a single value. It is possible to
calculate maximum or minimum vallles of the an- .
nealing parameter for production materials, but
not a single value for simple correlation purposes.
As shown in Figure 6-13, the effect of the final
heat treatment on the corrosion of Zircaloy-4 tub-
ing in 400C steam is quite marked, even though
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Many BWR' S are running very satisfactorily with
cladding made without the last beta quench step,
but with the reduced intermediate anneal
temperature. When reactor service conditions are
severe, the BETACLADTM provides the needed* extra measure of protection.
Process modifications to the beta quench step
have produced a distribution oL very fine in-
termetallic phase particles. This has lead to better
resistance to nodular corrosion in Zircaloy-2; but,
the converse has been foúnd for Zircaloy-4 in
PWR's. Very fine precipitate particles have been
found to lead to early departure from the cyclic
corrosion behavior and thicker oxide films on fuel .
rods exposed in the hotter reactors. It is now
generally accepted that sorne minimum amount of
thermal energy, which results in the coarsening of
the intermetallic partic1esafter the beta quench, is
necessary for good corrosion resistance in
Zircaloy-4 cladding. This minimum thermal input
is now expressed as a cumulative annealing,

.parameter which wa~ explained in detail in

Figure 6-11

Compnrison of
Standard
Process
Zircaloy-2
Cladding snd
BETACLADTM
In 3n
Extended Test
at 500C
lo Sleam
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Figure 6.13 Figure 6.14
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to use this preoxidation technique, but all PWR fuel
rods and many BWR rods as well, are being install-
ed with a belt ground outer surface and without
preoxidation. As can be seen in Figure 6-15, the cor-
rosion rate of etched samples is little different from
belt ground ones in a long term test in 400C steam.
Sorne investigators believe that preoxidation in
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Surface Finish Effects
For many years, the fuel clad tubes were made
with a carefully etched outer surface which was .."
oxidized in an autoclave prior to installation in a T::::
power reactor as a proof test oí corrosioil';;~;

• •.• ','~', l.~;Y._

reslstance. The BWR's contmue, m sorne cases, to,~~;~
.;:~~?~.:nf[,0f~

the difference in cumulative annealing parameter
is negligible. Recrystallized tubing has consistentIy
lower weight gains than does the stress relieved
cladding.
CEZUS, the French zirconium manufacturer, has

,d • shown that nodular type corrosion occurs more
¥ easily on sorne crystal faces than on others, so that

crystal texture may play an important role in this /;
type of corrosion behavior ."",:;;;~, :~ ~. . '~,. ~~"~:~_t
In Figure 6-14, corrosion resistance in 400C steaÍn .;.;~t:
is shown for sorne other alloys used in nuclear ser- ~;';':;
vice. The Zirconium-lNb alloy is used in the::->
USSR and the Zirconium-2.5Nb alloy is used in
the CANadian Deuterium. Uranium (CANDU)
pressure tubes as well as for 'cladding in the Cana- .
dian organic-cooled test reactor.

Compurlson
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Figure 6-16

Creep Curves
ror Zirca.loy-4
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Under Internal
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Source:
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specimens'l)ressurized internally and held at a con-
stant temperature. Figure 6-16, taken from STP
815, shows the generallized creep behavior for zir-
caloy tubing. This work by Stehle of Kraftwerke
Union (KWU) illustrates the problem in using
short-term tests to predict long-term behavior. At
one time, a test setting forth a maximum increase
in.diameter of 1 percent after 240 hours at 400C
and 20,OOOpsiwas used. In this test, the highest
values are found for cold worked tubing, just as
shown for 320C in Figure 6-16. The diameter in-
crease in the test decreased as. the temperature of
the final heat treatment was increased. The lowcst
value was for the annealed tubing which had the
lowest tensile strength. The test at 240 hours at
320C ciearly did not prediet the longer terro data
shown in Figure 6-16. The reason for the behavior
of the stress relieved tubing remains unexplained.
Creep is affeeted by eomposition with the solid solu-
tion alloys like tin, oxygen, and niobium having
greater effeets than the eompound-forming
elements. The amount of cold work in the last pilger
pass also affeets ereep rateo Higher eold reductions

Crystallographic Texture
The anisotropy of mechanical properties in tubing
is only partly due to the elongated grains of cold
worked and stress. relievep microstructure. The
zircaloy tubing, even in the annealed condition,
exhibits a strong preferred orientation of the hex-
agonal crystals in the tubing. This preferred align-
ment of crystals is caBed crystallographic texture
and" was explained at length in Chapter 5 on
Meta.llurgy. Texture plays an important role in
yield strength, burst ductility, hydride orientation,
iodine stress corrosion cracking, and even sorne
physical properties like thermal expansiono

steam increases the oxidation rate in-reactor by
forming a different type of oxide layer than forms
in high temperature water.

Creep
Creepdown of cladding during service is a major
consideration in fuel design and performance.
Stress relaxation, which is a manifestation of

j¡' creep, is thought to play a role in pellet clad in-
, teraction (PCI). When time to hard contact with ....

the fuel pellet is considered, a low creep rate is.,;:;i~i;;
desired. When relaxation of stress at the pellet-t¡i.~~ftf
ciad interaction point is considered, a high creep\,t~J;;;
rate that quickly reduces the stress level below that'i:¡;;W;;-
need for cracking is desired. ,\:?-;';",:
Creep or stress relaxation in zircaloy is not well
understood. Franklin, Lucas, and Bement
prepared a comprehensive book on Creep o/ Zir- ,
conium Alloys in Nuclear Reactors, ASTM STP.
815. This section presents a simplified treatment '
of a very complex subject.;" ..':

;~.'.\ ,",h

Although creep of the fuel rod results from exter- "j:?i'
nal pressure, the phenomenon is usually studied~F;;~i.i
by measuring the increase in diameter £?f;i~
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Figure 6-17
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surface ftnish and crystallographic texture on
ISec. They reported in NP 1329 that tubing macle
with an inner surface that was blasted with
abrasives failed at shorter times and at lower stress
levels than tubing made with SANDVIK's pro-
prietary flowing acid etch process (seeFigure 3-13).
Tubes with a radial crystal orientation resisted
cracking better than tubes with a circurnferential
texture as shown in Figure 6-17. They found that
the' threshold stress for cracking was 40070 higher
for the radial textured tubing.
The work of Pees and others at KWU, which was
published in ASTM STP 681, illustrated the effect
of crystal orientation on crack initiation. They
prepared a tube by rnachining it from a piece of
plate which had nearly'all of the crystals aligned
with the basal poles normal to the plate surface.
This tube sample had crystal textures around its
circurnference that ranged from pure radial to
pure circurnferential as shown in Figure 6-18. The
tube was exposed to iodine and internal pressure
at an elevated temperature for a short period and
then sectioned for study. ,The density of cracks at

produce higher creep rátt:s. Crystal orientation
plays a small role with radial textures, producing
higher creep rates than circumferential ones.

Irradiation Growtb
Growth is defined as a change in shape (usually
length for fuel rods) without a volume change dur-
ing irradiation in tne absence of applied stress.
Fully recrystallized tubing exhibits less growth
under irradiation than does stress relieved tubing.
The hexagonal crystal g'rows less in the "e" direc-
Hon than in the "a" direction. The mechanisms of
growth are intertwined with creep and are poorly
understood.

Pellet-Clad Interaction
The fuel failure mechanism generally denoted as
pellet-c1ad-interaction (PCI) can really be a com-
bination of mechanisms. The one most commonly
used as a model for study is a crack originating on
the inner surface of the tube resulting from a ten-
sile stress set up by hard contact between the fuel

~, pellet or a chip from a pellet and the tube in the
#. presence of an aggressive agent like iodine or

cesium. This condition is encountered when there ..
,. is a rapid power rise in the fuel rod called a rampo .

.For development purposes, a test using an internal
pressure of inert gas containing iodine at
elevated temperature is used to simulate the condi-
tions necessary for crack initiation and growth.
The time from the introduction of the iodine to
failure at various stress levels is an index of
resistance to PC!. At sorne stress level no failure
will occur and this is called the threshold stress for'
iodine stress corrosion cracking (ISCC) .
Work sponsored by the Electric Power Research .•.
Institute using c1addingespecially made for the test .'
series by SANDVIK, explored the effects of inner
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eaeh point around the inner surfaee was deterrnip-
ed and plotted as shown in Figure 6-18. The effeet
of erystal orientation was quite striking. There
were no eraeks in the regions where the erystals
were oriented with their basal poles at an angle of
45 degrees or less to the radial direetion. AHof the
eraeks oeeurred where the erystals had their basal
poles closer than 45 degrees to the cireurnferential
direetion.
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This observation provides an explanation for the
excellent resistance to ISCC of SANDVIK's clad-
ding, which is more radial than that produced by
other processes, as was _illustrated in the
cumulative volume fraction plot in Figure 5-15.
There have been two in-reactor "ramp tests" which
included SANDVIK's radially textured cladding.
In the Studsvik Overramp Projeet test series,
SANDVIK's dadding was noted as G20. It resisted
failure at higher ramp levels than the W series dad-
ding, which has a more eircumferential crystal tex-
ture. In the Fuel Performance Improvement Pro-
gram sponsored by the Department of Energy, rods
made from SANDVIK's standard cladding resisted
failure at ramp rates well aboye those that failed the"
"reference c1adding" and approached the perfor-
mance of the "barrier cladding" used in BWR's.
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Influence of
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Orientation on
lodine Stress
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Cracking
Resistance
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110 Rejerences Rejerences fll

"
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,;f~~

IIP,

1 0.;.1
: 04:
1 04¿
I 054
1062

k¡/lq
mm

150 105 4,
151 106 19
152 IC6 d9
1S3 107 59
154 108 30

155 109DO
156 10910
151 11041
158 111.11
159 111.81

1 069
1 076
1 C82
1 089
1096

160 '1;' ~l2 1 10:1
161 llJ ~~ 11\0
162 113.92 1 117
163 114.63 1 12.
164 115.33 1 131

165 116.03 1 138
166 116.74 1 1~5
161 117.44 1 151
188 118.14 1158
169 118.85 1 18~

110 11955 1 ,72
111 120.25 1 179
112 12096 1 186
113 12166 1 193
174 122.36 1 200

175 123.07 1 207
116 123.77 1213
177 124.47 1 220
178 125.18 1 227
171 125.68 1 234

180 126.56 1 241
181 127.29 1 248
182 127.99 1 255
1&3 128.69 1 262
164 129.39 1 269

185 130.10 1 276
186 130.80 1 282
187 131.50 1 289
188 132.21 1 296
189 13291 1 303

190 133.61 1 310
191 134.32 1 317
112 135.02 1 324
193 135.72 1 331
194 136.43 I 338

195 137.13 .1 344
'" 137.63 1 351
197 138.54 1 358
198 139.24 1 365
119 139.94 1 372
200 140.65 1 3~

kll

.!lJ 311
214,72
216 14
117 57
21899

22041
221 83
223 25
224 68
226 10
~.~,~:7
.!~I:L~4
23036
231.79
233.21

234 63
23605
23747
238.90
240.32

24174
243.16
244.58
246.01
247.43

248.85
250.27
251.69
253.12
254.54

255.96
257.38
258.80
260.23
261.65

263 07
26449
265.91
267.34
268.76

270.18
271.60
273.02
274.45
275.87

277.29
278.71
280.13
28156
282.96
264.40

100 lo 200
kg:l~
mm liPa

1032 0895
11 03 6'}64
7U3 70J3
72.43 710.•
13.14 117'

lJa4 124 O
74 5~ 730 e
7525 7317
7595 1446
16.65 151 5

77.16 7~81
lH.Uó /t.~..!
1876 7722
79.47 779.1
80.17 186.0

8087 192.9
81.58 7998
82.28 806.7
82.98 813.6
83.68 820.5

8439 8274
85.09 6343
85.79 841.2
86.50 848.1
87.20 855.0

87.90 861.8
8861 868.7
89.31 875.6
90.01 882.5
90.72 869.4

9l.42 896.3
92.12 903.2
92.83 910.1
93.53 911.0
94.23 923.9

94.94 930.8
95.64 937.7
96.34 9446
97.05 951.5
97.75 958.4

98.45 965.3
99.16 972.2
99.86 979.1
100.56 986.0
101.27 992.9

101.97 999.7
102.67 1.007
103.38 1.014
104.08 1.020
104 78 1.027
105.49 '.034

kal

142.20 100
143.62 101
145.04 102
146.41 103
147.89 104

149.31 105
150./3 106
152.15 107
153.58 108
155.00 108

156 42 110
151.84 111
159.21 112
160.69 113
162.11 114

163.53 115
164.95 116
166.36 111
161.80 118
169.22 119

170.64 120
172.06 121
173.48 122
174.91 123
116.33 124

177.75 125
179.11 126
180.60 121
182.02 126
163.44 12»

164.86 130
186.28 131
167.70 132
169.13 133
190.55 134

191.97 135
193.39 136
194.81 137
196.24 131
197.66 138

199.08 140
200.50 141
201.92 142
203.35 143
204.77 144

206.19 145
207.61 148
209.03 147
210.46 148
211.86 148
213.30 150

MPa
344.7
351.6
358.5
365.4
372.3

379.2
366.1
393.0
3999
406.6

413 1
420.0
427.5
434.4
441.3

446.2
455.1
462.0
468.6
475.7

482.6
489.5
496.4
503.3
510.2

517.1
524.0
530.9
531.8
544.7

551.6
558.5
565.4
572.3
579.2

588.1
593.0
599.8
606.7
613.6

620.5
627.4
634.3
641.2
648.1

655.0
681.9
668.8
615.7
682.6
689.5

42 19
42.~0
43.60
44.30
45.01

45.71
46.41
47.12
47.82
48.52

4923
49.93
50.63
51.34
52.04

52.74
53.45
54.15
54.85
55.56

56.26
56.96
51.67
58.31
59.07

59.77
60.46
61.18
61.68
62.59

63.29
63.99
64.70
65.40
68.10

66.81
67.51
68.21
68.92
69.62
70.32

50 35.16
51 3586
52 3657
53 37.27
54 37.91

55 36.68
56 39.38
57 40.08
58 40.79
59 41.49

60
dI
62
63
64

65
66
67
68
69

70
71
12
73
74

kg/.q
k.i mm
71.10
72.52
73.94
75.37
76.79

78.21
79.63
81.05
82.46
83.90

8532
dO./~
88.16
89.59
91.01

92.43
93.85
95.27
96.70
98.12

99.54
100.96
102.38
103.81
105.23

106.65 75
108.07 76
109.49 77
110.92 78
112.34 79

113.76 80
115.18 81
116.60 82
116.03 63
119.45 •.•

120.67 85
122.29 86
123.71 87
125.14 88
126.55 89

127.98 90
129.40 91
lJO.82 92
132.25 93
133.67 94

135.09 95
136.51 98
137.93 97
139.36 96
140.78 99
142.20 100

o lo 100
MPa

6.89
13.79
20.68
27.57

34.47
41.37
48.26
55.16
62.05

8895
/5.04
82.74
89.63
96.53

103.4
110.3
117.2
124.1
131.0

137.9
144.8
151.7
158.6
165.5

172.4
179.3
186.2
193.1
199.9

206.8
213.7
220.6
227.5
234.4

241.3
248.2
255.1
262.0
268.9

275.8
282.7
289.6
296.5
303.4

310.3
311.2
324.1
331.0
337.8
344.7

kg/'qmm
o
1 0.70
2 1.41
3 2.11
4 2.81

5 3.52
6 4.22
7 4.92
8 5.63
9 6.33

10 7.03
11 1.14
12 8.44
13 9.14
14 9.85

15 10.55
16 11.25
11 11.95
18 12.66
19 13.36

20 14.06
21 14.77
22 15.47
23 16.17
24 16.88

25 17.58
26 16.28
27 18.99
26 19.69
2» 20.39

30 21.10
31 21.80
32 22.50
33 23.21
34 23.91

35 24.61
36 25.32
37 26.02
31 26.72
39 27.43

40 26.13
41 28.63
42 29.54
43 JO.24
44 JO.94

45 31.65
46 32.35
47 33.05
48 33.76
48 34.46
50 35.16

k.J

1.42
2.84
4.27
5.69

7.11
8.53
9.95
11.38
12.80

14022
15.04
17.06
18.49
19.91

21.33
22.75
24.17
25.60
27.02

28.44
29.86
31.28
32.71
34.13

35.55
36.97
38.39
39.82
41.24

42.66
44.06
45.50
46.93
48.35

49.77
51.19
52.61
54.04
55.46

56.68
58.30
59.72
61.15
62.57

63.99
65.41
66.63
68.26
69.68
71.10

English/Metric (SI) Stress Con,,'~rsion Factors
Look up the stress lO be ,unver,ed in the boldrll~e colulI1n:
If in ksi (1,000 psi), re:ld kg/sq mm and MPa in righthand cdl!!IIn,.
If in kg/sQ mm, rcad ksi in lefthand column.
Note: 1 ~tPa lmegapascal) = 1 MN p~r sq m (megancwton pcr s~u3re mClC'r) :: 1 ~ ""ola: .- i .\UJJ ~ 14~.IJ r-I
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STP 824
STP 939
STP 1023

1982
1985
1988

STP 966

STP 815

The third meeting was sponsored by the Canadian
Metallurgical Society and published in the Canadian
Metallurgical Quarteriy, Vol. 1, Jan. - Mar. 1972.

Since then Committee BI0 of ASTM has spon-
sored regular symposia on Zirconium in the
Nuclear Industry with the papers published as
STP's as follows:

1973' STP 551
1976 STP 633
1978 STP 681
1980 STP 754

In addition to the symposia volumes, ASTM has
published other books on this subject.

STP 368 Corrosion 01' Zirconium; 1964
STP 639 ASTM Manual on Zirconium

and Hafnium, 1977
Creep of Zirconium Alloys in
Nuclear Reactors, 1982
Deformation Mechanisms, Tex-
ture and Anisotropy in Zircon-
ium and Zircaloy, 1988

The performance of fuel cladding in nuclear reac-
tors has been docurriented in a series of American
Nuclear Society Topical Meetings on Light Water
. Reactors. The papers are published by ANS.

1977 Sto Charles, MO
1979 Pordand, OR
1982 Williamsburg, VA
1985 Orlando, FL
1988 Williamsburg, VA

The Electric PowerResearch Institute (EPRI) and
Atomic Energy of Canada Limited (AECL)
regularly publish technical reports relating to zir-
caloy. These are extremely informative, but too
numerous to record in this book. The libraries of
both organizations have search capabilities and
will generally assist in finding the reports on a par-
ticular sUQject.
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F
, 4532

4550
4568
4586
4604,
4622
4640
4658
4676
4694
41\2
4730
4748
4166
4784
4802 .
4820
4838
4856
4874
4892
4910
4928
4946
4964
4982
5000
5018
503F'
505'
50/2
5090
~I08

,5126
5144
5162
5180
5198
5216
5234
5252
5270
5286
5306
5324
5342
5360
5318
53~6
5414
5"32

250D
251D.
2520
253D
2540
2550
2560
2570
2580
2590
260D
2610
2620
2630
2640
265D
2660
267D
268D
269D
2700
271D
272D
273D
214D
27S0
276D
277D
2780
279D
2800
2810
2820
2830
2840
2850
2860
2870
2880
2890
290D
29rO
2920
2930 •
29.10
2950
2960
2970
2980
2990
3000

IODO
1010
1020
ID3D
1040
105D
'060
1070
1080
ID90
II0D
1110
1120
1I3D
1140
liSO
1160
1170
1180
1190
1200
1210
1220
123D
'240
1250
1260
I27D
1280
129D
13liD
1310
1320
1330
134D
1350
136D
137D
1380
1390
14DD
1410
1420
'430
144D
145D
1460
147D
'480
1490

e
538
543
549
554
560
566
571
577
582
588
593
599
604
610
616
621
627
632
638
643
649
654
660
666
671
677
662
668
693
699,m
716
721
727
732
738
743
749
754
760
766
771
777
782
786
793
799
804
610

Albert SauveuI Iype allable, look up reading in middle column: il in degrees Cenlrigrade. read Fahrcnheil equivalenl in
,righl'hand column: It in deglees Fahrenhe,l. lead Cenl/igrade equlvalenl in lell.h.nd <olumn.
Values as pllnlcd In "8elhlehem Alloy Sleels",

1000 lo 2000 2000 lo 3000
F e F e F e

1832 816 1500 2732 1093 2000 3632 1371
1850 821 1510 2750 1099 2010 3650 1377
1868 827 1520 2768 1104 2020 3668 1382
1886 832 1530 2786 11\0 2030 3686 1388
1904 138 1540 2804 1116 204D 3704 \393
1922 6f3 155D 2822 1121 2050 3722 1399
1940 6f9 1560 2840 1127 2060 3740 1404
1958 854 IS70 2858 J 132 2070 3758 1410
1976 860 IS80 2878 1138 2060 3778 1416
1994 866 IS90 2894 1143 2090 3794 142\
2012 871 1600 2912 1149 2100 3812 1427
2030 877 1610 2930 1154 2110 3830 1432
2048 882 1620 2948 \160 2120 3848 1438
2066 888 '630 2966 1166 2130 3866 1443
2084 893 164D 2984 1171' 2140 3884 1449
2102 899 1650 3002 1177 2150 3902 1454
2120 904 1660 3020 1182 2160 3920 1460
2138 910 1670 3036 1188 2110 3938 1466
2156 9\6 1680 3056 1193 2180 3956 1471
2174 921 1690 3074 1199 2190 3974 1477
2192 927 1700 3092 \204 2200 3992 1482
2210 932 1710 3110 \210 2210 4010 1488
2228 938 1720 3128 1216 2220 4028 1493
2246 943 1730 3148 122\ 2230 4046 1499
2264 949 1740 3164 1227 2~40 4064 \504
2282 954 175D ,3182 1232 2250 4082 1510
2300 960 1760 • 3200 1238 2260 4100 15\6
2318 966 177D 3218 1243 2270 4118 1521
2336 971 1780 3236 1249 2280 4136 1527
2354 977 1790 3254 1254 2290 4\54' 1532
2372 982 1800 3272 1260 2300 4172 1538
2390 968 1810 3290 \266 231D 4190 1543
2408 993 1820 3306 1271 2320 4208 1549
2426 999 1S30 3326 1277 2330 4226 1554
2444 1004 1840 3344 1262 234D 4244 1560
2462 1010, 1850 3362 1288 235D 4262 1566
2480 1016 186D 3360 1293 2360 4280 1571
2496 1021 187D 3396 1299 2370 4298 1577
2516 1027 188D 3418 1304 238D 4316 1582
2534 1032 '89D 3434 1310 2390 4334 1588
2552 1038 1900 3452 1316 2400 4352 1593
2570 1043 191D 3470 1321 241D 4370 1599
2568 1049 1920 3488 1327 2420 4386 1604
2606 1054 1930 3506 1332 2430 4406 1610
2624 1060 194D' 3524 1338 2440 4424 1616
2642 1066 1950 3542 1343 2450 4442 1621
2660 1071 1960 3560 1349 2460 4460 1627
2678 1077 '97D 3578 1354 2470 4418 1632
2696 1082 198D 3596 1360 2480 4496 1638
2714 1088 1990 3614 1366 249D 4514 1643

1093 20DO 3632 1649

•..._ 'l.'

F
500 932
SID 950
520 968
5JO 986
54llll. 1004
S5ú'~ '1022
560 1040
570 1058
58D 1076
590 1094
60D 1112
610 1130
62D 1146
63D 1166
640 1184
650 1202
66D 1220
670 1236
68D 1256
69D 1274
lDD 1292

. 710 1310
720 1328
730 1346
UD 1364
750 1362
760 1400
17D 1418
780 1436
190 1454
8DD 1472
81D 1490
82D 1506
8JD 1526
84D 1544
850 1562
860 1580
87D 1591
880 1616
890 1634
90D 1652
91D 1670
92D 1688
93D 1706
94D 1724
95D 1742
960 1760
91D 1778
980 1796
990 1814
lDOD 1632

260
266

, 271
277
282
281
293
299
304
310
318
321
327
332
336
343
348
354
360
361
371
377
362
,388

,393
399

,..~~
.. 416

421
427 '

. 432

m'
449,

, 454
460
466
471
411
482
488
493
499
504
510
516
521
527
532
536

,,:~..:'~

100 lo 1000
F

212
230

, 241
261
284
302
320
336
351
374
392
410
413.1
421
448
484
482
500
511
531
554
572
590
601
S26
644m.
698
716 ,
734 '.'
752
770,
788
106
624
6f2
160
678
898
914

100
110
120
130
140
150
160
170
ISD
190
200
210
112
220
230
ND
250
260
270
250
290
3DD
310
320
330
340
3S0
360
370
36D
39D
4DD
410
420
430
440
450
460
470
46D
49D

e
36'
43
49
54
10
66
71
77
12ea
93
99

100
104
110
116
121
127
132ni
143
149
154
160
166
171
177
112
181
193,
199
204
210
216
221
227
232
238
243
249
254

F
50 122.0
51 123.1
52 125.8
S3 127.4
64 129.2
55 131.0
5' 132.1
57 134.6
58 136.4
59 138.2
60 140.0
61 141.1
62 143.6
63 145.4
64 147.2
65 149.0
66 150.8
67 152.6
6. 15U
69 156.2
70 158.0
71 159.8
72 161.6
73 163.4
U 165.2
75 167.0
76 161.8
77 170.8
78 172.4
79 174,2
.0 176.0
SI 177.1
.2 179.6
83 111.4
84 183.2
65 185.0
B6 186.8
'7 188.8
68 190.4
89 192.2
9D 194.0
91 195.1
92 197.1
93 199.4
94 201.2
95 203.0
96 20U
97 206.8
98 208.4
99 210.2
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