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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. Some 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 processes unique to
SANDVIK’s way of making fuel cladding. Com-
parisons to conventional practice are made 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 ziconium




where tin, iron, chromium, and nickel are the ma-
jor alloying clements. Zircaloy-1 was an alloy of
zirconium and 2.5% tin and was never used com-
mercially. Zircaloy-2 and -4 are in common con-
mercial use for fuel cladding. Zircaloy-3 was a zir-
conium alloy containing 0.25% tin and 0.25%
iron that never saw wide use, but is once again be-
ing studied. It is quite possible that the zircaloy
name will continue to be extended to include all
alloys with new compositions. The zirconium-1Nb
alloy is often referred to as ‘‘Russian Zircaloy”’
since it is the standard alloy used in Russia for the
same purposes as Zircaloy-2 and -4. -

References listing the specific 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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Chapter 1
History

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 core.
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 reactors which used natural uranium,
rather than enriched uranium, for fuel. 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 commercial power
reactors use tubular fuel elements. i
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Early U.S. power reactors used austenitic stainless
steel as the fuel cladding. Chloride stress corro-
sion cracking of stainless steel forced the Boiling
W_’ater 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 1% niobium in zirconium
became their standard for fuel cladding for both

naval and commercial power reactors. &

'Fuel_ cladding for water cooled power reactors
must meet a variety of technical and economic
challenges. It must be corrosion resistant, have a
low thermal neutron cross-section, and have

{isiory

than a dramatic shift to another alloy system.
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.

satisfactory strength at the operating temperatures ;gg
of the reactor core. Zircaloy met these general I
criteria and early fuel designs were based on the %
properties found in tubing produced around 1960. £
The push for ever more efficient fuel has been met ﬁ
« with optimization of basic zircaloy tubing rather f@

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-
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 desired corrosion resistance. The next -

discovery was the effect of an intermediate ‘‘beta
quench’’ in the manufacturing process which im-
proved uniformity of the microstruciure 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 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 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 concept. The
tubing manufacturer ‘‘tailor makes’’ the tubing to
produce the properties and dimensions that pro-
vide optimum balance for each fuel design. 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 some loss in another. Manufactur-
ing parameters must therefore be adjusted to op-
timize the desired properties with minimum loss 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
metallurgy, and its properties that forces a close
technical relationship between fuel -designers
and the tube maker to get the best possible

| .performance. &
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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 some cases, even acceptable performance in a
power reactor. In most cases, the specification for
tubing includes a reqmrement 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 satisfactorily 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 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.

P

Chapter 2
Specifications

Nuclear fuel clad tubing is always procured to pro-

prietary specifications peculiar to each fuel maker.

These ‘specifications generally 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 design.

The ‘‘barrier clad’’ 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 imppyrities. It
has recently become common practice to restrict
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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 1%, niobium in zirconium
became their standard for fuel cladding for both
naval and commercial power reactors.

'Fuel_ cladding for water cooled power reactors
must meet a variety of technical and economic
challenges. It must be corrosion resistant, have a
low thermal neutron cross-section, and have
satisfactory strength at the operating temperatures

-of the reactor core. Zircaloy met these general

criteria and early fuel designs were based on the

properties found in tubing produced around 1960.

The push for ever more efficient fuel has been met

e - With optimization of basic zircaloy tubing rather

than a dramatic shift to another alloy system.
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.

’l_“hree 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-
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 desired corrosion resistance. The next -

discovery was the effect of an intermediate ‘‘beta
quench’’ in the manufacturing process which im-
proved uniformity of the microstructure 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 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 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 concept. The
tubing manufacturer ‘‘tailor makes’’ the tubing to
produce the properties and dimensions that pro-
vide optimum balance for each fuel design. 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 some loss in another. Manufactur-
ing parameters must therefore be adjusted to op-
timize the desired properties with minimum loss 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
metallurgy, and its properties that forces a close
technical relationship between fuel -designers
and the tube maker to get the best possible
performance. @
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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 some 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 requlrements but that it also per-
forms satisfactorily 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.
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Research and 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
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and longer fuel residence times.
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Chapter 2
Specifications

" Nuclear fuel clad tubing is always procured to pro-

prietary specifications peculiar to each fuel maker.
These specifications generally 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 design.

- The “barrier clad’” 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 impyjities. It
has recently become common practice to restrict
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Table 2-1

the tin content to the lower 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.
COMPOSITION, Weight percent
Element Zircaloy-2 Zircaloy-4
- UNS R60802 UNS R60804

Tin 1.20 - 1.70 1.20 - 1.70
Iron 0.07 - 0.20 0.18 - 0.24
Chromium 0.05 - 0.15 0.07 - 0.13
Nickel 0.03 - 0.08 -
Fe + Cr + Ni 0.18 - 0.38 -
Fe + Cr - 0.28 - 0.37
Oxygen ) ©0.09 -0.16 0.09 - 0.16
Silicon 0.005 - 0.012 0.005 - 0.012
IMPURITIES, Weight percent maximum
Aluminum 0.0075 0.0075
Boron ~0.00005 0.00005
Cadmium o 0.00005 0.00005

- Carbon B £ 0.0270 0.0270
Cobalt 0.0020 ‘ 0.0020
Copper 00050 - 0.0050
Hafnium 0.0100 .~ ' 0.0100
Hydrogen 0.0025 0.0025
Magnesium " 0.0020 : 0.0020
Manganese 0.0050 ’ 0.0050
Molybdenum 0.0050 0.0050
Nickel -— 0.0070
Nitrogen 0.0080 0.0080
Tungsten 0.010 0.010
Titanium 0.0050 0.0050
Uranium (total) 0.00035 0.00035

Ve icaiions

2) Mechanicél Propertizs

Room temperature and elevated temperaiure ten-
sile tests are normally required, but without any
consensus as to the temperature of the elevated
temperature test or to the levels of strength and
ductility. Many specifications require an ambient
temperature burst test with a minimum cir-
cumferential expansion required at the failure to
demonstrate ductility. The most common 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 difference.

3) Corrosion Resistance

For many years a three-day test at 400C in steam
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 examined to see if the resulting
hydride platelets are oriented in the circumferen-

tial direction.

5) Microstructure

There is generally some sort of requirement on

grain size. Direct measurement of grain size on
stress relieved tubing is hot possible because the
grains have been elongated by the cold working.
Some specifications require recrystallization of
stress relieved tubing specimens in order to
measure grain size.

6) Dimensions

Minimum and maximum values are given for the
inside and outside diameters and length. Max-
imums are specified for ovality, bow, and
squareness of cut. A minimum is specified for wall
‘thickness. ¢
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Specifications

¢ between international standards organizations in

. amples of international technical exchange.
" These tests and the details of their application ar

’

!
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 orientation test gives an indication of

crystal orientation, -but in some specifications a
contractile strain ratio (CSR) test is also imposed.

9) Sampling Frequency

Composition, except for gases that may be ab-
sorbed during processing, is based on the analysis
of the ingot from which the tubing was made.
Dimensional and ultrasonic flaw testing is done in
a continuous scan 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 counterparts in other countries. Cooperation

specifying fuel cladding is one of the best ex

discussed in Chapter 4 on Testing and Inspection
to assist engineers and quality assurance people in
understanding the procedures and meaning of the
results. '

Some very important properties such as creep
rate, long term corrosion behavior, irradiation
growth, and resistance to iodine stress corrosion
cracking are typical of those properties that can
not be specified in the simple tests required on
each lot of tubing. Most require test times that are
too long for normal quality assurance testing. For
these, reliance is placed on the process outline and '
its controls on processing.

Specifications

ASTM has been a leader in providing a forum for
consensus standards for fuel cladding not only in
the U.S. but throughout the world. The sub-
committees working on nuclear standards involv-
ing fuel cladding are:
B10.02 on Zirconium and Hafnium
G01.08 on Corrosion in Water-Cooled
Reactors
C26.02 on Fuel and Fertile Materials
E10.02 on the Behavior and Use of Metallic
Materials in Nuclear Systems

-
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Chapter 3 !
Manufacture

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 some of the various tests called for in the
specifications. Special processing for making the
barrier clad 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 all of the other considerations in making
tubing from the lined extrusion.

Nearly all of the zirconium metal is extracted from

zircon sand. Zircon, which is also a gem stone, is a
zirconium, hafnium silicate (Zr-Hf SiO,) with a
zirconium to hafnium ratio of 50 to 1. It occurs in
beach sands all 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. e

Sponge Manufacture
Finely ground zircon is mixed with carb%in and
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- resulting oxide is very pure. 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 chlorinated -

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

Since hafnium has a very high thermal neutron
cross-section, it must be separated from the zir-
conium. There are two techniques used at present
for this separation. The older method has been us-
ed since the 1950’s and consists of dissolving the
tetrachlorides in dilute hydrochloric acid, com-
plexing the zirconium ions with ammonium thio-
cyanate and then extracting the hafnium with
methylisobutyl ketone (MIBK) in a .counter-
current liquid-liquid extraction system. The
aqueous phase, containing the zirconium, is mixed
with sulfuric acid to precipitate the zirconium as a
sulfate which is then converted to a hydroxide
with ammonium hydroxide, filtered and calcined
to an oxide. Most of the impurities in the zircon
are taken out either in the chlorination process or
the liquid-liquid extraction process so that the

again=to produce a zirconium tetrachloride with

less than 100 ppm hafnium. The zirconium -

tetrachloride may be further purified by sublima-
tion or distillation from a salt solution before be-
ing reduced to metal. The process is described in

detail by W.W. Stephens in ASTM STP 824 and

shown in the flow sheet, Figure 3-1.

The new method of separating the hafnium from
the zirconium is by distillation of hafnium

tetrachloride from a potassium-aluminum .
chloride salt solution of the two tetrachlorides. :
The impurities remain in salt which is replaced at -

intervals. This process is described in detail by

Muanufacture
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L. Moulin et al in ASTM STP 824 and shown
schematically in Figure 3-2.
In both cases, the purified zirconium tetrachloride

is reduced to zirconium metal by the Kroll process
using magnesium metal as the reductant, Purity of

Figure 3-2

Column

L

W20CHL, RIS

Bcar 3 N

the magnesium is very important since any im-
purities in the magnesium end up in the zir-
conium. The product of the reduction process is a
mixture of zirconium metal and magnesium
chloride as well as some left over magnesium
metal. Most of the magnesium chloridg;salt is
removed physically. The remaining salt, along

Flow Sheet for
Hafnium
Extraction by
Distillation
from Molten
Salt

Source:
ASTM STP 824

®
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Figure 3-1

Flow Sheet for
Manufacture of
Zirconium Using
the Liquid-

Liquid Hafnium
Separation Process

Source:
Teledyne Wah
Chang Albany

1. Zircon 2.0re 3. Ball Milling §. Feed Makeup 6. Separation System

Sand Dressing

&,

8. Rotary
Vae Filters

9. Calciner

11. Reduction

12. Distillation 13. Breakup Press 14. Crusher 15. Blender
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,

with any residual magnesiuin metal, is removed by

vacuum distillation at about 1000C which pro-

duces a porous zirconium mass commonly known

“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,

and sampled for analysis. A group of sponge bat-

ches is selected based on the analys1s 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.

Figure 3-3

Press Crushing
Zirconium
Sponge

Source:
Teledyne Wah -
Chang Albany&

Ingot Manufacture

Zirconium sponge, recycle material from process-

ing, and alloying elements are combined in

various ways into an electrodé for vacuum arc

. melting. Recycle material can be crushed, or chop-
' ped into small pieces, to be combined with the
sponge and alloying elements for pressing into bri

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

Figure 3-4

Consumable
Electrode
Showing Sponge
Compacts and
Solid Recycle
Sections

Source:
Teledyne Wah
Chang Albany
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. Zircaloy is melted at least twice in this manner

beam welding in vacuum o, plasma arc welding in
an argon atmosphere is used to prevent con-
tamination from the air. These long cylinders are
about 12 to 18 inches (300 to 450 mm) in diameter
and weigh a ton or more.

Zirconium must be melted in a vacuum or inert

gas to prevent absorption of oxygen and nitrogen
from the air. Consumable Electrode Vacuum Arc
Melting is universally used for melting 21rcaloy ‘
ingots. '

Zirconium, when molten reacts with all known
refractories and so it must be melted in a special
way. The consumable electrode is melted into a
cylindrical water cooled copper mold slightly
larger than the electrode. As the arc melts the
metal, a portion freezes against the cold copper
mold and forms a solid layer of the zirconium
alloy which acts as the container for the molten
metal. The electrode is continuously consumed
and the ingot builds up in the copper mold with
only a portion molten at one time as shown in
Figure 3-5.

with the ingot from the first melting forming the
electrode for the second melting. Much of current
production is melted three times to get the best
freedom from volatile elements and the most
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
calls 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-
tom. This recognizes that the molten pool at any
time during the melting process was about one in-
got diameter deep

Figure 3-5

Pictorial

Melting

acuum
Pump

X . : el RPN SHINRY

— Ny

Arc g .__,.1| e \\ii0y ot

< SMotten Poos

o (.:".‘p["\‘l‘ Mold

R < noot

Segregation 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 its
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 pfacnce is
gradually losmg 51gmﬁcance as composmonal

Represcentation
of Consumable
Yacuum Arc
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Table 3-1

ypi ngot )
Typical Ing Purchase Order No.:

= 44> TELEDYNE
AinalySIS-:OI' Sales Order No.: ‘h WAH CHANG ALBANY
Zircaloy Tem Nov - P.O Rex 460

Sample Number 1 Heat No.:

Atbuny, Oregon 973210136
Represents the

PACS Nos.: (503) 926-4211 TWX (510) 595-0973
Top of the o "
Ingot and Ingot Analysis Composition: (wt. percent) _
Number 6 the Element:  Spec. 1 2 3 4 5 6
Bottom. ’ Sn: 1.20-1.55 1.29 1.26 - 126 .26 1.27~ 1.30
Fe: 0.18-0.24 0.22 T0.21 0.22 | 0.22 022 0.22
Cr: 0.07.0.13 012 - 0.1 0.11 0.1 0.12 0.11
Fe+Cr; 0.28-0.37 0.33 0.32 0.33 0.34 0.34 0.33
Yl s 00100-0.0200 00140 00140 00140 00140 0.0150  0.0140
0: 0.090-0.140 0.122 0.125 0.123 0.125 0.126 0.128
Zrn BALANCE
Ingot Analysis Impurities: (ppm)
Element: Spec. Max: 1 2 3 4 5 6
Al 5 36 39 40 44 46 41
B: 0.5 <0202 - <02 <0.2 0.3 T <02
Ca: ~ 30 <10 <10 <10 <10 <10 <10
Cd: 0.5 <02 <0.2 <0.2 <0.2 <02 <02
Cl: 20 <5 <5 <5 <S5 <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
Hf: 100 41 51 . 51 55 52 51
Mg: 20 <10 <10 <10 <10 <10 <10
Mn: 50 <25 <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
N 70 48 48 46 s 47 44
§ Pb: 130 <2 <25 <25 <25 <25 <25
) Si: 50-120 97 93 . 97 100 99 93
Ta: 200 < 100 <100 < 100 <100 <100 . <100
Ti: 50 <25 <25 .. <25 <25 <25 <25
AT ¢ 35 <10 <10 ;<10 <10 <10 <10
- v 50 <25 <25 D <25 <25 <25 - <25

W: 100 <50 - <S50 <50 <50 <50 <50

analysis has become more uniform and its effect’

on properties better understood. It is also com-
mon to search 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. Some specifications
continue to require conformance to sponge and
ingot specifications as well as the tubing specifica-
tion. This is not necessary to assure that tubing

will be satisfactory and complicates the certifica- ‘
tion of the product. The usual quality assurance

Manufacture
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audits can demonstrate that the producers are us-
ing proper controls to assure that the process is be-
ing controlled at each manufacturing step.

Extrusion Manufacture

The ingots are made into hollow tubes by conven-
tional metal working techniques. The ingot is
made into a round 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 1100C and reduction takes place in a series
of hot working steps with the workpiece being cut
and reheated several times in the sequence.

»+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
© i problem of incomplete combustion with gas or oil
*.that leads to hydrogen contamination. Gas- and

oil-fired furnaces, when properly controlled, are
quite satisfactory. Other bar sizes are also used
depending on the size of the manufacturers extru-
sion press or to produce improved corrosion
resistance which will be dlscussed in this chapter
as well as Chapters 5 and 6.

Figure 3-6

! Press Forging

a Zircaloy

. Ingot

Source:
it Teledyne Wah
+ Chang Albany

.
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Figure 3-7

Rotary Forging

Billet Stock in

a GFM Machine

Source:
Teledyne Wah
Chang Albany

This is the point in the process where the ‘‘in-
termediate beta quench step’” mentioned in
Chapter 1 is performed. Either the long bar, log,

or the individual billets cut from the bar are °

# heated into the beta phase (about 1100C) and

plunged into water. Billet is the name given to the
part of a bar that will be put into the extrusion

press. It may still be ““solid’’ or in some instances

have the hole drilled in it prior to the quench, but

generally the solid billet is heated and quenched

Smaller diameter billets or billets which have a
hole drilled in them have faster cooling rates when
quenched. In some instances the quench baths are
also modified to increase the cooling rate. A faster
cooling rate has been shown to be advantageous
for Zircaloy-2 used in BWR cladding, 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 clad’’ is to be produc-’
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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. Cleanliness 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

- Paliets of
i - Machined Billets

Ready for
Extrusion

Source:

2 Teledyne Wah
:5{ Chang Albany

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 badly 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 3,4 inches
(86 mm) in diameter, as shown in Figure 3-9.
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Figure 3-9 T The most important points in the extrusion process
are maintaining uniformity of wall thickress and
concentricity, as well as good surfaces. Little can be
done in the subsequent cold reductions to improve

Extrusion
Emerging from
an Fxtrusion

Press the concentricity of the tubing. Some manufacturers
have developed sophisticated machines to measure
Source:

and correct wall eccentricity before cold reductions
" are started. Inner surfaces are critical and are usual-
‘ly honed or broached in addition to etching in the
nitric-hydrofluoric acid solution 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 meltmg,
forging, and extrusion operations.

Cold Pilgering

The cold reduction of the extrusion to tubing pro-
ceeds in stages called ‘“passes.”” The cold reduc-
tion process is called cold pilgering, tube reducing,
or rocking. All three are names for the same pro-
cess as shown in Figure 3-10. In the conventional

Teledyne Wah
Chang Albany

]
‘K . .
- Figure 3-10
VERTICAL SECTION THROUGH TUBE REDUCER AT Pictorial
START AND ENO OF REDUCTION STROKE Representation
Tapersd groove h G MAIChEO QOGS 71 of the Pilger

DI Of Gied 1O CORVRrFNg DASS 48 hos
e and move anetary
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h Process

SermucaTulsr Ge with. z Er -
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Two broad types of extrusion processes are used.
The difference is in the speed of the extrusion
operation. At lower speeds, the temperature
changes little during the extrusion and the hollow &
has a cold worked structure that is best annealed
prior to cold reduction. The other process uses
higher extrusion speeds which increase the
temperature during extrusion so that the hollow
recrystallizes and an anneal is not necessary prior “&
to coid reduction. In all cases, the temperatures -
-~ are controlled so that the structure remains in the :
alpha phase ficld.

TLOM 8 fed Teard M ST MCTE TS DatoTe Tutme @ 104010 AX¥OINTate ¥, Jmymas 17wt
COOD WV WDAE TN e 1t 0 GOREN €A 0 31Tme teren e 4 1= g
Shown ot tenl poNpuh iy

Cre Pragon <Siar 7 Sirones (e Prsdnr [ 0 Svcaut

Varficat 360007 "iGugh the 1UDE FESUCEr Shu S dieS 31 St~ and 8ndd of sliore Bard i H AR W
oressiva (orces Ina inCremerial workg 1Ue reuCIng £r0viIns MuCh Qreitlet (8.2 Ghy 7 kb 2ot

. e




.

34

1 N

Manufacture

Figure 3-11a

form of this process, the tube is clongated over a
tapered stationary mandrel by means of two
grooved rolls, also called dies, which roll back and
forth in a constant cycle. It is this motion that
gave rise to the term “‘rocking.”” The roll groove is
tapered and the rolls are mounted in a saddle

which is moved back and forth by a crank ar-

rangement. Gears are mounted on the machine
frame so that as the saddle moves, the rolls rotate
in precise relation to each other and the stationary
mandrel. The ingoing tube is rotated and advanc-
ed by a small increment at the beginning of each
stroke of the crank. The tube diameter and wall
thickness are continuously reduced in a series of
these small increments. Figure 3-11a shows the ar-
rangement of the rolls and mandre! in a typical
pllger machine. Figure 3-11b shows the hollow be-
ing reduced.

Pilger Mill Roll
Stand Showing
Rolls with
Tapered Groove
and Tapered .
Mandrel in 33
Place for Tube
Reduction
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Figure 3-11b

Each pass through the pilger machine can ac-
complish up to 85% reduction in cross-sectional
area, although 70% is closer to the working

"average. About five reduction passes are required

to reduce the extrusion to fuel clad 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 has been a common 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

the hollow used for the last cold reduction pass.

After each reduction pass, the zircaloy must be
cleaned and annealed to prepare it for the next
cold reduction. Usually there is an inspection of
the surfaces (Figure 3-12) and any small tears and
cracks are carefully removed so that they will not
propagate in succeeding reductions.

i
+

< with Hollow

Pilger Mill

Being Reduced
by Reciprocating
Rolls
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/
Figure 3-12
Video Borescope g7 W‘_.-———» i limemparonr T S
Used to Inspect e . e R e, o
the Inner % y : 3

Surface of Tubes
and Hollows

The anneals promote recrystallization and soften
the hollow. The time and temperatures of these
anneals have been found to play an important role
in developing optimum corrosion resistance.
Zircaloy-2 and Zxrcaloy-4 requlre different heat”
treatments to optimize corrosion because of the !

differences in service environments between BWR :

and PWR. Zircaloy-4 is dnnealed at a higher

temperature than Zircaloy-2 for reasons explained .

in Chapters 5 and 6.

The actual hollow sizes used as intermediates for ;
each size of fuel clad tubing are quite important

and will be discussed in Chapter 5 on Metallurgy.

Crystal orientations depend on the ratio of wall ;
reduction to diameter reductlon, and tooling must :

Manufacture

~be carefully "uesigned to produce the desired

crystal texture. SANDVIK uses conventicnal tcol
designs for most of the reductions, but differs in
the way the last reduction is made. In the patented
SANDVIK process, the last reduction is made on
a cylindrical mandrel that advances with the
hollow. Nearly all 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 all
very desirable in the fuel clad 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 so that any composition variation will not
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 prodiices 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, such as grit
blasted or dip etched, which are also commonly

applied to cladding tubes. SANDVIK also %

£

Ay

employs furnaces for the final heat treatment that -
are uniform within about 1 degree Celsius so-that - -

mechanical properties are extremely uniform

within each tube lot and between lots. er the

final heat treatment, the tubing is straxg}’mtened
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Figure 3-13

Comparison of
Inner Surfaces
of Tubing:
a) As Pilgered
b) SANDYIK
Proprietary
Flowing
Acid Etch
¢) Grit Blasted
d) Conventional
Dip Etch
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belt polished on the outer surface to remove all
traces of the old metal surface, and cleaned again
prior to inspection. Silicon carbide abrasives are
used since they cut cleanly and do not load up with
zirconium metal causing the surfaces to smear.

The real difference in tubing is not only the dif-
ferences cited in the description of the manufac-
turing steps, but in the uniformity and care with
which they are carried out. There is indeed a dif-
ference that cannot be expressed in specifications .
or process outlines. THAT DIFFERENCE means _;
reliability in performance. ,

39

Chapter' 4
Testing and Inspection

-

This chapter covers the tests and inspections
usually applied to zircaloy fuel clad tubing with
some background as to what the test or inspection
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. In.the case of zircaloy the ‘‘heat’’ is an in-
got. A single sample will not suffice for a con-
sumable electrode arc melted zircaloy ingot since
only a portion of it is molten at any one time. The
molten pool is about one 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 taken 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, some
manufacturers take the sample slices when the
forged bar is cut up to make the extrusion billets.

K {'l‘
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. plate or by a phototube to determine concentration

Customarily, the manufacturer’s ingot analysis
forms a part of the tube maker’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 sample for hydrogen and ox-
ygen be taken from finished tubing. Many
specxfxcatlons also require nitrogen analy51s on a
sample of finished tubing.

Nitrogen is not absorbed during the manufactur-
ing process and need not be required to be analyz-
ed on samples from the the tubing.

Optical Emission Spectroscopy

An electric discharge is used to excite the sample,
producing light which can be broken down into
spectral lines representing the elements present in
the sample. Each element has a group of
characteristic wavelengths of light which it emits
when excited. The intensity of a specific line for
each element is measured either on a photographic

A metal sample may be excited directly by the

electric discharge in a technique called ‘‘point-to-.

plane.” Alternately, turnings may be burned to

oxide and the oxide packed into an electrode and.
excited by the electric discharge. This technique is’

called “‘carrier distillation.”’

Standards of known concentration are used to
construct curves of intensity vs. concentration for
each element. Samples of previously analyzed
material are run intermittently with the unknown
samples as a check on calibration.

Plasma Emission Spectroscopy

Inductively Coupled Plasma (ICP) and Direct 7

Current Plasma (DCP) techniques utilize an argon

Testing und Inspection
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gas plasma (o excite sample solutions for spec-
trographic analysis as shown in Figure 4-1. To
date, this technique has been used in determina-
tion of concentrations of 25 elemeunts in zirconium
and its alloys. Aluminum, calcium, cobalt,
chromium, copper, iron, hafnium, magnesium,
manganese, molybdenum, sodium, niobium,
phosphorus, silicon, tin, tantalum, and zinc can
be determined directly from a dissolved sample
Analysxs for boron, cadmium, lead, and uranium
require that the sample solution be concentrated
before bemg fed to the plasma for analysis.

Figure 4-1

Apparatus

for Induction
Coupied Plasma
Spectrography

%1 Source: AB

Sandvik Steel
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A metal sample is dissolved 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 light emitted is broken down into spec-
tral lines and the analysis made in the same
fashion as for optical 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 principle 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-
ment provides a source of the radiation and the
atoms of the element in the sample solution are
dispersed in a flame between the hollow cathode

tube and a detector. The amount of a specific

wavelength of light that is absorbed is propor

tional to the amount of the element present in the

sample.

Inert Gas Fusion

Oxygen, nitrogen, and hydrogen can be determined

by variations of this technique using equipment
such as shown in Figure 4-2. A metal sample is fus-
ed at high temperature in a graphite crucible using
a metal flux and the resulting gases are swept into
an analytical instrument by an inert carrier gas.
The gases are purified by passing through various

scrubber columns and then isolated by gas

chromatography. The concentration of the gas to

.....

R N ' '
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Figure 4-2

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 nitrogen 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 volumetrically.

Kjeldahl 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 nitrogen is converted to
ammonium ion. Ammonia is driven from the
solution by steam distillation and col{g(gted in

i Impulse Fusion
1 Apparatus for

Determination

4 of Oxygen
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another solution. The nitrogen can then be deter-
mined either by titrating the solution with boric
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 Analysis '

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 when exposed
to ultraviolet light. For small 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
uranium is extracted from the acid solution using
MIBK. A sample of the MIBK solution containing
the uranium is then absorbed in a sodium-lithium
fluoride pellet. The fluorescence of the pellet ina
fluorimeter yields the measure of uranium in the
original sample. S

The analytical techniques vary from laboratory to .
laboratory depending on the equipment available
and the number of samples run each day. Samples -
of known composition are interspersed with the :
unknown in all of the analytical techniques to

assure that calibration is maintained. !

ASTM for the most part has not been able to re
main current in the analytical methods as they have .
been evolving quite rapidly as new eéquipment
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became available. It is generally accepted that each
manufacturer’s methods are acceptable subject to
the quality assurance audits which require
demonstration that the methods are traceable to
some satisfactory standard. The National 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 some 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 raté 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

Figure 4-3

Tension Test
Showing
Extensometer
for Measuring
Elongation

+ Under Loading
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" hibit a nice linear relationship between stress and

weight and length to 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 does not ex-

strain even in the elastic region. Consequently, the
determination of the 0.2% offset yield strength is
not as precise as it is for most other metals because
the offset must be drawn from a curve rather than
a straight line on the stress strain plot.

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
pressurization, the amount of stored energy in the s
system, and the clearance between the tube and
the internal mandrel all have significant effects on |
the circumferential elongation at the burst. A
photograph of a typical burst test sample is shown
in Figure 4-4. "a

Contractile Strain Ratio (CSR)

This test, originated by Westinghouse in the late
1960’s, is a measure of crystal orientation. It con-
sists of carefully measuring the diameter of the -
tube at set locations and measuring the distance

between a series of scribe marks about one-half °
inch apart along the tube. The tube is then strain-
ed about 4% in tension and measurements
repeated. The changes in diameter and length
make possible the calculation of the ratio of cir-
cumferential strain to wall thickness strain which
is the CSR value. Values less than one indicate a

oo i
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Figure 4-4

circumferential crystal texture and values of two
or more indicate a highly radial texture. Some in-
vestigators have used the failed tensile specimens
for measurements, but this is not correct since
with large strains there is a rotation of the crystals
during deformation which leads to incorrect
estimates of the initial texture of the tubé,

Specimen After
Testing Showing
Fxpansion Prior
to Burst
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Figure 4-5

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 small tube sam-
ple 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 listed 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
polish and a light etch to bring out the hydride
platelets as shown in Figure 4-35. Hydride platelets

Micrograph

of Typical
SANDVIK
Tubing
Showing the
Circumferential
Hydrides.

f, <0.1.

Bright Field, 200x 25
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with angles _.naller than some specified value,

usually 40 degrees to the radial direciion, are

classified as radial and the others as circum/ferential.
The ratio of radial platelets to total platelets is the
hydride fraction known as f;;. The usual specified
value for stress relieved tubing is 0.3. SANDVIK
typically has values smaller than 0.1 and uses a com-
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 G2. For fuel clad 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 etched 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 particles form a white oxide
with an underlying black oxide giving the
specimen a grey appearance. Criteria for accep-
tance is a maximum gain in weight (22 mg/sq dm
for the 3-day, 400C steam test) and a visual ex-
amination of the oxide film. Visual standards are
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 undesirable, the fluoride stains do not
result in any increase in corrosion bey&d the
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initial few days in a test. . 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. '

Surface Roughness

Most specifications specify a maximum roughness
using the ANSI profilometer method of measure-
ment. Here a diamond stylus, with a certain
radius, is moved over the surface and the devia-
tion from a plane is measured. The arithmetic
average of the deviation is calculated by the in
strument and expressed in microinches o
micrometers. This is the common method used fo
many machined and ground parts of all 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- 2
ed, an etched, or a grit blasted surface can all have g

the same roughness value and yet respond much
differently to important tests. EPRI,

NP3009, showed that the iodine stress corrosion
cracking tendencies were markedly different for a’ ".
rocked, etched, and grit blasted surfaces even
though the tubes had much the same roughness
when measured by the profilometer technique. 5%

in scanning ;lectron microscope photographs.
Even etched surfaces can be quite different. The
flowing acid etch 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 enter 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 diameter. The

~measurements are made several thousand times a

Figure 4-6

in report
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second as the tube is rotated and advanced
through the transducers. The measurements are
displayed either on a paper chart or a 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 tester at frequent intervals to
assure that the test remains accurate. Air gauging
.and laser micrometers are other methods that are
‘more precise than the ultrasonic test and are used
to confirm measurements when tubes approach
the specified limits. These more precise methods
are .used 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 standards
directly traceable to NBS.

Ultrasonic
Inspection
Equipment for
Dimensionals
and Flaw %
Inspections

e
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Ultrasonic rlaw Testing

This test is a very precise version of a test widely
used for other, more common, types of tubing. To
reliably test using the small artificial reference
defects specified for fuel clad tubing, requires a
special technique that was codified by ASTM and
listed in- the Appendix to the fuel cladding

specification. Typically, notches 0.0015 inch deep, "+
0.004 inch wide and 0.062 inch long are made by
electric discharge machining in the tube standard.
Four notches are used; one oriented axially and -
one circumferentially, on each the inner and outer *

surfaces. Four transducers are positioned so that
the tube being tested is searched axially in both
directions and circumferentially in both direc-
tions. Any tube that returns a signal equal to or
greater than that returned by the standard notch is
considered unacceptable. Most manufacturers set
their equipment to indicate a flaw at a somewhat
smaller signal level than that returned by the
specified notch so that there is no possibility 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 notches equal, so the reject
level is based on the smallest of the four.

It is important to note that the test measures the
amplitude of sound reflected 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
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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, contamination, or other features
that deviate from the uniform finish of the tubing.
The inner surfaces are inspected by looking down
the tube from each end against a fluorescent lamp.
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.

Visual Inspection ¥

of the Inner
Surface of
the Tubing
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Chapter 5

Metallurgy

-

Metallurgical phenomena play a very significant
role in the production and performance of zir-
caloy fuel clad tubing. Very strong anisotropy
results from the hexagonal crystal structure and a
characteristic 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 of 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 the 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
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Figure 5-1

metallurgy of these very interesting alloys. There
is much yet to bec learned as there are some
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 tin in

“ solid solution and the iron, chromium, and nickel

' 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 the
Zi€ry and Zr,Ni type compounds with iron
replacing some of the chromium or nickel. Both
compounds are found in Zircaloy-2, while only

the chromium compound is found iq"iZiﬁEél‘é’?.%?,

In spite of the larger content of iron in the alloys,
the zirconium-iron compounds are not normally
present.

Scanning 4~
Electron #
Micrograph of
Recrystaltized
Zircaloy
Showing
Distribution of
Intermetallic
Compound
Particles
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. The alpha-or room temperature phase is hex-
agonal close-packed (HCP). The beta phase is
body centered cubic (BCC) and begins to form at
the grain boundaries of the alpha grains upon
heating above about 800C. The fraction of beta
phase increases with temperature until at about
980C the microstructure is all beta phase and near-
ly all 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 beta phasc is one of the most
significant parameters with respect to corrosion
resistance. :

Alloys

Some. -elements - suchzas=carbon;
{s’il_ic@m%-ere’originaﬂy considered to be impurities -

in_.zircaloy. They_have-now been~found%tcibe

essentialfalloyingrelements that play an inportant

role-in~the metallurgyofythealloys.

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, titanium, manganese, cobalt, and silver
all are beta stabilizing elements that lower the
allotropic transformation temperature and usually
form eutectics at higher concentrations and in-

termetallic compounds at room temperature.
Tin .
Tin is the original alloying element in the zircaloy
family. Zircaloy-1 was simply zirconium with
2.5% :in. Tin is an alpha stabilizing element that
exists in solid solution in zircaloy contrary to the

phase diagrams which show solid solubilities less
than the 1.5% in Zircaloy-2 and -4. Tin was added

o.xyggn_",g,;» ana ‘

@
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£ Iron, Chromium, and Nickel : B |
’ - This was one of the first impurities to become an

to counteract the adverse effects 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 0.2% tin
would be needed to tie up the nitrogen. In the
recrystallized condition, the tin and oxygen con-
tents determine the.strength levels.

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 above 800C.
They are mobile in the alpha phase above about
600C 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.

Examinationiof
Zircaloy
Specimens for
Intermetallic
Particles in

the Scanning
Electron
Microscope

phologyginstead;oftheyparallelp
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Nickel was found to promote the absorption of
hydrogen during corrosion in water and stcam.
Zircaloy-4 was developed by gliminating 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.

Oxygen

alloying element in zircaloy. Oxygen is an alpha
stabilizer and is soluble in both alpha and beta zir-
conium well above the levels used in commercial
alloys. It functions as a solid solution strengther in

zircaloy and is generally present at about 0.125% -

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 fpresen'c

late morphology
Carbonythatiis in,selidssolutiontaddstsome stTe’rTg""tJh
tojthejalloy¥AticontentsipTeater than250 ppin, 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. Some investigators
have claimed an adverse effect of carbon on corro-
sion resistance, but as yet the evidence is not
convincing.
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Silicon
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 zircaloys.

Impurities
“The list of impurities given in various specifica-

tions come from a variety of sources, not all of
“which are technically valid. A listing of the more

commonly referenced impurities, with some . -
discussion of their effect and where the require--

merit might have originated, is presented next.

1. Elements known to have an adverse effect on
corrosion behavior such as aluminum and
nitrogen. -

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

3. Other elements that could be introduced during
manufacture.

Examination of
Zircaloy in

the Flectron
Mlcros«;ope
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Lead™- At one time, the Kroll reduction fur-
naces had lead seals which were solidified
during the evacuation step where air was
removed from the furnace and molten dur-
ing the reduction cycle so that a rapid rise in
internal pressure would not explode the
unit. If the vessel developed a negative
pressure during the reduction cycle, the lead
was sucked into the furnace, contaminating
the zirconium.

Copper - The ingots are melted in a water-
cooled copper mold and a displaced arc dur-
ing melting. 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. '
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.

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-s torr or less will reduce the
hydrogen content to less than 25 ppm if
higher levels are introduced during
manufacturing. Hydrogen is not very solu-
ble in zirconium at room temperature and
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~Beta Quenching

. precipitates.- in the form ,ofy zirconium
hydride platelets preferentlally at right
angles to the basal pole of the metal crystal.
Small hydrides are visible even at hydrogen
levels as low as 13 ppm. )

w4

Most impurities listed are generally not present in
nuclear grade zirconium and for practical purposes
are reported as less than half thelspecified limit.
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 composmon certlflca-
tion for an ingof. ‘

In the 1960’s, a manufacturing process consisting
of a solution anneal in the beta phase above 1000C

followed by a water quench at some 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 some 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'.

quench.

The beta quenched structure is shown in Figure 5-2a
and 5-2b and is known as the ‘“Widmannstatten”’

structure. Two variations of this structure can oc-
cur. One is the basket weave variation shown in
Figure 5-2a. The other is a parallel plate structure,’
where the platelets are lined up with each other

and have the same crystal orientation as shown in
Figure 5-2b. In this form, the prior beta grain con-

taining the parallel plates reacts to working like a

large single grain. The basket weave structure is

much preferred for uniform deformation during
cold working. Both the basket weave and the
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Figure 5-2a

A

. Lo 3t
‘J#v PN |l N

> Micrograph
Showing
“*Basket Weave'’
Structure

" Resulting from
* Beta Quench

Polarized
Light 150x

Figure 5-2b

parallel plate structures consist of alpha zirconium
platelets with fine particles of intermetallic com-
pounds, some of which are metastable, at the
platelet boundaries as shown in Figure 5-3. There
is also some evidence from work on corrosion in
sulfuric acid that there is a thin continuous film at
the platelet boundaries. The particle size and

Micrograph
Showing
‘‘Parallel Plate”
Structure
Resulting from
Beta Quench

Polarized

.. Light 150x
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Figure 5-3 .

Micrograph
Showing
Intermetallic
Compound
Particles of
the Platelet
Boundaries of
the Beta
Quenched
Structure

Polarized
Light 625x

platelet width are related to the quench rate.
The size and shape of the parent beta grains are
easily seen in low magnification micrographs like
Figure 5-4.

‘Figure 54

S

Micrograph -~
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Prior Beta
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Structure

Polurired
Light 115x
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. OLTOSIONZresis-
@rn ak upwduring
SUDSeqUeEnt Mctal WOTKiNggOpelatiOns, .Tegardless
%‘fﬁh*e’r’deférnlation-temperature! A cooling rate of
50@4inis sutficient to refine the particle size and
distribution for good corrosion resistance to 400C
steam. Faster rates may be better for nodular cor-
rosion resistance, but a specific 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
BETACLAD™ and is discussed in more detail in
the corrosion section of Chapter 6 on Properties.
The process is modified when hollows of ‘‘barrier
clad’’ are treated. In this case only the outer por-
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 roll the
bars used for ‘the extrusion billets. Thermal
treatments subsequent to the beta quench are very
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important and determine the corrosion and
mechanical properties of the tubing.

Mechanical Weorking

Some early processes included a hot working step
after the beta quench to refine the grain size for
extrusion or simply to reduce the bar to the size
needed for the extrusion billet. This hot working is
usually done with a preheat to between 500 and ~»

<780C so that the structure remains in the alpha

phage This process has not been widely used in
the last five years, but is of interest because of the
effect that the heating for the hot working step
may have had on intermetallic particle growth . -
which is a key feature of interest in corrosion
resistance. Nearly all of the tubing made in the
1970°s and early 1980’s was made with the alpha i
forging step after the beta quench. 5

The extrusion step is nominally a hot workmg

operation conducted in the alpha phase region. In
some 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
recrystallization, are in common use. In those:
cases where the resulting structure consists of §
elongated grains typical of cold worked material
an anneal is used to recrystallize the extrusio
before the first cold working step. Since th
amount of residual cold work is relatively small,
the anneal temperature is kept around 625C to
prevent a large grain size from developing. Thus
far, both processes seem capable of producmg
tubing of equivalent performance.

Cold Pilgering

Manufacture of fuel clad tubing requires a series’;
of cold working steps to reach the final size. Cold"
pilgering is used exclusively for cold reduction of

Metallurg 'y
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. 1

fuel cladding. The process starts with an extrusion
which is over three inches (80 mm) in diameter.
The deformation and metal flow during these cold
working steps cause the metal crystals to align
themselves in the tubing (preferred orientation or
crystal texture). This phenomenon is covered later
in this chapter with an appropriate introduction to

the crystallography of the hexagonal close-packed
structure.

Except for the crystallography, the metallurgy of
the cold working is simply mechanical distortion
of the structure followed by anneals to
recrystallize the cold worked structure for the next
step. The cold reductions are generally large, 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 10 or 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 all of
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 only consideration in this step. In the
1980’s, a relationship between the metallurgical
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structure and corrosion resistance 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 relatlvely 51mple treatment ofa -

_very complex technical area. There are many

diverse speculative hypotheses as to the
metallurgical mechanisms behind the observa-
tions. It has been found that rapid cooling of
Zircaloy-2 from the beta phase, followed by cold

- working and annealing at the lowest possible

- stress relieved cladding.

temperatures and times, produce the best -
resistance to nodular type corrosion in the BWR. : 1
SANDVIK’s research lead to a patented process |
employing a beta quenching operation near the ;
end of the cold reduction process. Only one in- °
termediate anneal was needed between pilgering :
of the quenched hollow and pilgering to the final :
tube size. The process can also be applied just
prior to the last cold reduction, but the resulting
structure contains some residual transformed beta
platelets and lacks the desired umformlty for

In contrast, it has been found that Zircaloy-4 re
quires a certain minimum time and temperature in
the intermediate anneals to develop the best corro
sion resistance in the PWR environment. Ther
have been many attempts to correlate this
behavior to the intermetallic compound size and |
distribution. They have produced interesting bu
incomplete explanations of the corrosion’
behavior. Determination of particle size an
distribution in the sub-micron size range is dif
ficult at best and there are many disagreement
between investigators in the methods used and th

Metallurgy

69

results obtawed. Particle size is useful in research,
but useless for specification purposes.

Since a number of intermediate anneals are used
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.
=2 1,exp (~Q/RT)
where A is the cumulative annealing
pammctcr

t; is the time in hours at temperature T

Q is an activation energy

R is the gas constant

T; 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 400C. In
yet another study, Wadier of CEZUS developed a
value of 37,400 using the Ostwald ripening theory
for particle growth in zircaloy. Again, like the
particle size, the annealing parameter is useful in
developing an understanding of the various
underlying mechanisms affecting corrosion, but it
also is not the entire story. 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.
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The final heat treatment of fuel cladding may
either be a so-called ‘‘stress relief anneal’’ (SRA)

or a full recrystallization anneal, depending on the
instances, the

particular application. In most
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 temperature is il-
lustrated in Figure 5-5. Cold reductions of 80% in
the final cold pilger operation produce a relatively
small increase in strength over smaller reductions
of about 50%, but result in much improved duc-
tility, particularly in the burst test. The strength

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 i

nearly flat, up to about 475C, as only true stress:
relief is occurring. Beyond 475C, recrystallization;

Figure 5-?
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begins and the strength falls off rapidly with in-
creasing anneal temperature until recrystallization
is complete and no further reduction in strength
occurs. The slope of the curve in 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 can hold temperatures_to_plus or minus

one degree Celsius is needed to provide tubing
with uniform properties when the desired strength
level is in this region of rapid change. The strength
and d ductility of zircaloy dMge umformly
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 known as “‘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 dlstortlon in the stress reliev-
ed structure.

Figure 5-6
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Figure 5-7
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Figure 5-8

Crystallography

The hexagonal crystals that comprise zircaloy pro-

ducts play an important role in many of the pro-
perties of interest to fuel designers. To visualize

the alignment of the crystals, the basal pole is used5

as a reference. The basal pole is a vector perpen
dicular to the basal plane of the crystal as show
in Figure 5-8. S T4

'Zircaloy deforms by bothv siip and twinning. Slip
occurs only in the ‘‘a’’ direction on the prism and

pyramidal planes as shown in Figure 5-8. Twin
ning occurs as a number of strict crystallographic
relationships. The combination of twinning and

slip leads to a strong preferred orientation of the

crystals (texture) during cold working. While most
of the deformation in cold pilgering is by slip,

twinning is the process that rotates crystals of one,

orientation to another and thus is of the greatest
significance to the metallurgist. L

Twin Basul Pole

Plane
(122) Pyramidal
(1011 Stip

h Plane
AN
Prism

Stip Plane
ity

= h

ommon Slip
Direction

 Twin / / <1120>
Plane
(1012) -

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 oriented
in the axial direction of the tube. The crystals are
arrayed in the radial-circumferential plane perpen-
dicular’to the tube axis. A pure circumferential tex-
ture would be as shown in Figure 5-9b and a pure
radial texture is shown in Figure 5-9d. It 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 of poles oriented at about

Orientation
of the
Important
Crystal Planes
in the
Hexagonal

- Zirconium -

Lattice
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Figure 5-9

IHustration
of Crystal
Textures
in Tubing
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30 degrees from the tube radial direction. In the
discussion of tube textures, those with most of the
basal poles closer than 45 degrees to the tube
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. :

One 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

origin. The axes are: the axial direction (AD), the
radial direction (RD), and the circumferential
direction (CD). The circumferential 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 téchnique can measure the texture at different
points through the tube wall, depending on how
the sample is thinned. A relatively simple reflec-
tion technique can measure the intensity of the
planes that are closer than 70 degrees to the radial
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Figure 5-10

Principle of the
Stereographic
Projection Used
to Prepare

Pole Figures

' ".the entire pole figure. A very detailed explanatio;

" published in a paper by Wilson, of SANDVIK, i

‘The stereo pole figure presents all of the informa

Point on

1~ ~ Sphere
\\
AN

\

Sphere

>/
Projection Projected
Plane - Point

direction, but a more complex combination o
reflection and transmission is needed to determin

of the procedure for making pole figures w

the Scandinavian Journal of Metallurgy

Stereographic pole ﬁgures can be constructed fo
any crystallographic plane. A pole figure made?:
from the prism planes shows that recrystallization
has a marked effect on the prism plane orientation -
even though it has only a very small effect on
basal plane orientations. Most of the properties of
interest are related to the basal plane orientations ;
and this pole figure is seen most often.

tion about crystal orientations, but is difficuit t
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interpret. Since all of the basal poles lic near the
radial-circumferential plane, a section through the
pole figure on this plane will present the most im-
portant data, which is the relative density of
crystals oriented in that plane. 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 (¢ ) at which the
density of basal poles is the greatest; the peaks in
the plots shown in Figure 5-11. A second widely
used set of index numbers are the Kearns
parameters, which give the effective fraction of
basal poles in each of the directions. 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 direction, f;. The value of f, 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 some very accurate 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./f, 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
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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 ductile materials. A circumferen-
tial texture resists diameter change and favors wall
thinning and the deformed tube remains at a near-
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ly constant diameter right up to fracture.

The control of crystal texture enables a fuel designer
to choose, within some 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 lot. Tenckhoff, in ASTM STP 966, pro-
vides an excellent detailed description of texture,
deformation, and anisotropy in zrcaloy.
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Properties such as hydriuc orientation; irradiation
growth, creep, iodine stress corrosion cracking
resistance, and even resistance to corrosion in
water and steam are affected by the orientation of
the metal crystals, as will be discussed in Chapter 6
on Properties and Performance.
Figure 5-13 '
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Figure 5-13 represents a typical sample of
SANDVIK’s current fuel clad tubing. The basal
plane 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-

Figure 5-14
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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-
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

Intensity Plots
for SANDVIK
Cladding (Lot 1)
and Two
Conventionally
Pilgered Lots.
Lots 2 & 3.

Source:

Knorr and
Pelloux,

ASTM STP 824
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Figure 5-15

Comparison of
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in Figure 5-14.
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tubing to iodine stress corrosion cracking, which
will be taken up later in Chapter 6 on Properties

- and Performance.

"in outside diameter. Later, it became relatively

The development 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 divided by percent reduction

standard to use the mean diameter of the tube to
calculate the ratio. A ratio of the natural strains
(QE) results in slightly different values. QE i
more useful because a series of reductions of the **
same QE ratio results in the same ratio overall -

where Q does not.

QE = In(W,/W,) / In(MD,/MD,)
where W, is the initial wall thickness
W, is the final wall thickness
MD, is the initial mean diameter
MD, is the final mean diameter
In is the natural logarithm

Fr e
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) :
Reduction sieps can then be characterized by the
reduction in area 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-
ing. 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
values 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 vary

Figure 5-16
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along the reuuction 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 relationship was explored
by Schemel and McKenzie in ASTM STP 551.

This chapter has explored the various
metallurgical features that each step of the process
presents. It.is important to recognize the relation-

.ships for 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 manufactured, but as yet they are
only guides and not precise predictors of proper
ties or performance.

~ Chapter 6

Properties and Performance

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 old. 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
¢ = 5.1477 angstroms
BCC a = 3.6090 angstroms
Natural Isotopic Composition

Mans No, Pervent
%0 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/cc

Electrical Resistivity
Thermal Conductivity
(300C)

74 micro-ohms/cm

0.037 cal/cm sec deg C
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Table 6-1
THERMAL NEUTRON CROSS SECTIONS
Barns
Beryllium 0.009
Magnesium 0.059
Lead 0.17
Zirconium 0.18
Zircaloy -4 0.22
Aluminum 0.23
Tin 0.63
Y : Niobium - 1.1
Nitrogen . . 19
. - Iron 2.56
. . Molybdenum 2.55
Austenitic.stainless steel 4 3
Nickel # 45
Titanium . 6.1
Hafnium 104
. " 'Boron 750
Cadmium 2,520
Gadolinium 48,890
Mechanical Properties
The mechanical properties that can be attamed by
variation of the amount of cold work and the an-
nealing temperature were explored in Chapter 5.
Figure 6-1 illustrates the strength and ductility
Figure fl
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= ‘
o P
relationships over a variety of anneal temperatures
for SANDVIK cladding when tested at 400C. Rela-
tionships at other test temperatures are similar.
The flat upper portion of the strength curve
represents the true stress relief section, the steeply
descending section is partly recrystallized, and the
lower flat portion 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.

Figure 6-2

oSN

Yield Strength, ksi
2

"
"
N
\

Elongation, %

Test Temperatire, C

Note the plateau in strength and elongation in the
200 to 350C range. The strength levels off while
the elongation decreases with increasing
temperature for a period. 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 tubmg made by the conventional
processes

Effect of Test
Temperature on

- Tensile Yield

Strength
and Tensile
Elongation
for Typical
SANDVIK
Tubing
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Figure 6-3

Properties and Performance

Relationships of
Tensile Yield
Strength and
Circumferential
Elongation in a
Burst Test

for Typical
SANDVIK
Tubing
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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 article, zircaloy is called .;

It is resistance to water and steam at reactor
temperatures that is of the greatest interest to the
fuel designer. This section is developed historical
ly for clarity and recognizes that the field is not yet ©. .3
completely understood. New work will certainly

modlfy even the beést hypotheses held at the tim
this is written.

The alloys of zrrconiurn depend on the formation
of a tightly adherent and protective oxide film for °
their resistance to corrosion. Corrosion in the:
nuclear reactors can be measured only at the inter
vals between refuelings, which provide only a few
data points on the curve of oxidation rate.

Properties and Performance
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Theretore, 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 some danger in such ac-
celerated tests, since the mechanism of corrosion
may change rather than simply be accelerated by
the. increase in temperature This i icu

nodulan typercor.rosmn. In some 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 over 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 slows down as the film builds
up. Investigators have characterized this relation-
ship as quasi-cubic in nature. After a period of
time, the oxide filin loscs its protective nature and
the rate increases again. Early investigators
characterized this behavior as a transition from
the cubic to linear reaction kinetics. In 400C
steam, the transition occurs after about 40 days
and at a weight gam of about 40 mg/dm?. 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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Figure 6-4
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Figure 6-5
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paper of Kass in ASTM STP 368 and illustrates
the concept.

Later on more precise work has shown that the
corrosion kinetics do not change to linear
behavior, but the film goes through a succession
of quasi-cubic behaviors. This suggests that the
film breaks down to allow oxygen to more freely
reach the metal oxide interface, but then the pro-
tective film begins to form again and the rate
again declines as shown in Figure 6-5. The resul-
tant oxide is shown in the cross section of a thick
oxide film in Figure 6-6. More recently Peters

Hlustration to
the Repeating
Quasi-cubic
Weight Gain
Cycles for
Corrosion of
Zircaloy-4 in
400C Steam

Source:
Schemel et al,
ASTM STP 1023

Figure 6-6

Micrographic
Section Through
2 Thick

Oxide Film on
Zircaloy

Bright
Field 100x
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Figure 6-7

reported in STP 939 that 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, some 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 Schemel et al. in STP 1023.
Most of the normal cladding materials in this test

‘continue to show the cyclic behawor, even after
700 - day’s exposure and welght gains of 400"

‘'mg/dm? 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 corrosion produced small

&' nodules of white oxide i 1n the film of the uniform

Typical
Corrosion ~
Weight Gain
for SANDVIK
Zircaloy4
Tubing Tested
in 400C Steam

400C Steam, 10.3 MPa

Weight Gain, mg/dm?
]

Time, Days
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black uiide. This type of corrosion 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, which includes a cross section showing
the nodule and the surrounding uniform black
oxide film.

In some BWR’s, this type of corrosion was made
more severe by the presence of a hard CRUD layer
containing copper and resulted in some fuel
failures. There is no consensus on the mechanism
of formation of the nodules or.the microstructural
feature that may nucleate them. One-day
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 comparing
the autoclave result with measured oxide film
thickness on irradiated fuel rods from the same
tube lot. 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.

Figure 6-8
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3 Through a
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The discussion of cu.iposition, 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. Some
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
adverse effects on corrosion resistance; are
aluminum and nitrogen.

The alloy contents of the zircaloys are com-
promises 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 1.7%) had
better corrosion resistance than samples with tin
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 1.2% tin to one
containing 1.55%. ‘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 .
0.20%) 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- .:
sion result. It is not possible to consider composi-
tion independently of the processing. The thermal .

processes that bring out the best properties for one

alloy in one type of test may not be optimum for °

another alloy or type of test. This applics to reac
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Figure 6-9
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tor service, as well since BWR’s and PWR’s are

" quite different.

The composition 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 clear that compositions

outside the current limits for zircaloy will produce

better corrosion resistance. 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 old zirconium-niobium-tin alloy system
studied earlier by the Russians.

Comparisons of
Weight Gains

of Zircaloy-4
Specimens with
1.55% Sn. and
1.2% Sn. i
Stress Relieved -
Tubing
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Thermomechanicai ¢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 above 1000C to an all-beta
phase structure in which most elements are solu-
ble, and then rapidly cooled, usually 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- -

ties. 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
the BWR’s and high-heat-duty fuel designs were
used in PWR’s.

Several techniques have been developed that reduce
the incidence of nodular corrosion to some 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 BETACLAD™

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 BETACLAD™ tubing with both a . -
belt ground and an etched surface after being ..
tested for 24 hours in 500C steam. Weight gains of .

BETACLADTM in the 400C steam test are slightly .
higher than for standard cladding, but this has not

S
B
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Figure 6-10

translated into unacceptable oxide film
thicknesses in reactors. Figure 6-11 shows the dif-
ference between standard and BETACLADT
tubing in an extended test in S00C steam. The
BETACLADT™™ continues a linear corrosion rate
after 30 days, while the standard cladding
disintegrated after about 5 days. Both, however,
met the usual requirement in a 24-hour test.

Zircaloy-2

= Specimens

Tested in
S0LC Steam
for Nodular
Cosrosion
Resistance

Top to Bottom:
Standard Process
Etched Surface

BETACLAD™

3 Process

Etched Surface

| BETACLAD™

Process

i Belt Ground

Surface

Standsard Process
Belt Ground
Surface
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Figure 6-11
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Comparison of
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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 BETACLAD™ provides the needed
extra measure of protection.

Process modifications to the beta quench step

termetallic phase particles. This has lead to better
resistance to nodular corrosion in Zircaloy-2; but,
the converse has been found 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 some minimum amount of -
thermal energy, which results in the coarsening of
the intermetallic particles after 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 was in detail in

.
av"\l ’)Iﬂﬂf*
ORI ALY
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Chapter 5 on Metallurgy. There is also evidence
that the addition of silicon to about 80 ppm
reduces the amount of thermal input necessary to
achieve good corrosion 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 plot

represents testing in 500C 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 various parts of commerical 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 values 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
-peat. treatment on the corrosion of Zircaloy-4 tub-
ing in 400C steam is quite marked, even though

Figure 6-12

Zircaloy-2, 500C Sleun\

’Zimaloy-i. 400C Steam

Weight Gain ——

\

Anneal Parameter —

Schematic
Showing Effect
of Annealing
Parameter on
Corrosion
Weight Gain
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the difference in cumulative annealing parameter
is negligible. Recrystallized tubing has consistently
lower weight gains than does the stress relieved
cladding. :

CEZUS, the French zirconium manufacturer, has

. shown that nodular type corrosion occurs more
easily on some crystal faces than on others, so that
crystal texture may play an important role in this
type of corrosion b'eh‘avior.f B

In Figure 6-14, corrosion resistance in 400C steam
is shown for some other alloys used in nuclear ser
vice. The Zirconium-INb 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. .

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
power reactor as a proof test of corrosion
resistance. The BWR’s continue, in some cases, t
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Figure 6-14

Comparison of
Two Niobium

100C Steam. 103 MPa Containing
Alloys to
ain Zircalov-{ When
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;; ' . 400C Steam -
%t 2
3
”() 100 200 kL1 Xy s M) TXIIX bt i)
Time, Days
to use this preoxidation technique, but all PWR fuel
rods :fmd many BWR rods as well, are being install-
ed w1.th a belt ground outer surface and without
prepxxdauon. 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.
Some investigators believe that preoxidation in
Figure 6-15
Comparison ~
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- the fuel pellet is considered, a low creep rate is

" clad interaction point is considered, a high creep

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

Crystallographic Texture

The anisotropy of mechanical properties in tubing
is only partly due to the elongated grains of cold
worked and stress relieved 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 called crystallographic texture
and was explained at length in Chapter 5 on
Metallurgy. Texture plays an important role in
yield strength, burst ductility, hydride orientation,
iodine stress corrosion cracking, and even some
physical properties like thermal expansion.

Creep

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

s creep, is thought to play a role in pellet clad in-

teraction (PCI). When time to hard contact with

desired. When relaxation of stress at the pellet-

rate that quickly reduces the stress level below that
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 of Zir-
conium Alloys in Nuclear Reactors, ASTM STP
815. This section presents a simplified treatment ',
of a very complex subject.

Although creep of the fuel rod results from exter-
nal pressure, the phenomenon is usually studied
by measuring the increase in diameter of
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specimens pressurized 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 20,000psi was 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 lowest
value was for the annealed tubing which had the
lowest tensile strength. The test at 240 hours at
320C clearly did not predict the longer term data
shown in Figure 6-16. The reason for the behavior
of the stress relieved tubing remains unexplained.

Creep is affected by composition with the solid solu-
tion alloys like tin, oxygen, and niobium having
greater effects than the compound- forming
elements. The amount of cold work in the last pilger
pass also affects creep rate. Higher cold reductions

Figure 6-16
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produce higher creep rates. Crystal orientation -

plays a small role with radial textures, producing
higher creep rates than circumferential ones.

Irradiation Growth

Growth is defined as a change in shape (usually
length for fuel rods) without a volume change dur-
ing irradiation in the absence of applied stress.
Fully recrystallized tubing exhibits less growth
under irradiation than does stress relieved tubing.
The hexagonal crystal grows less in the *‘c’’ direc-
tion 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-clad-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

‘ * For development purposes, a test using an internal
- pressure of inert gas containing iodine at some

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 sfress levels is an index of '
resistance to PCI. At some 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 cladding especially made for the test -

series by SANDVIK, explored the effects of inner

Properties and Performance

surface finish and crystallographic texture on
ISCC. They reported in NP 1329 that tubing made
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 (see Figure 3-13).
Tubes with a radial crystal orientation resisted
cracking better than tubes with a circumferential
texture as shown in Figure 6-17. They found that
the- threshold stress for cracking was 40% 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 machining 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
circumference that ranged from pure radial to
pure circumferential 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

Figure 6-17

¢ is a rapid power rise in the fuel rod called a ramp.
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Figure 6-18

each point around the inner surface was determin-

ed and plotted as shown in Figure 6-18. The effect
of crystal orientation was quite striking. There
were no cracks in the regions where the crystals
were oriented with their basal poles at an angle of
45 degrees or less to the radial direction. All of the
cracks occurred where the crystals had their basal
poles closer than 45 degrees to the circumferential
direction. :

Influence of
Crystal
Orientation on
lodine Stress
Corrosion
Cracking
Resistance

Source:
Peeus et al,
ASTM STP 681

e
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This observation pr}ovides an explanation for the

- excellent resistance to ISCC of SANDVIK’s clad-
~ding, which is more radial than that produced by

- other processes, as Wwas ‘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 Project test series,
SANDVIK’s cladding was noted as G20. It resisted

failure at higher ramp levels than the W series clad- -
ding, which has a more circumferential 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 above those that failed the

«reference cladding” and approached the perfor-

mance of the ““barrier cladding” used in BWR’s.
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To Dlg Deeper

The Metallurgy of Zirconium by Ben Lustman and
Frank Kerge, Jr., published by McGraw-Hill in
1955 is the original reference, but is now out of
print. Douglass. prepared a supplement which was
published in 1971 by the International Atomic
Energy Agency.

The progress of technology of zirconium and its
alloys have been chronicled in a series of symposia.
The published papers from these meetings provide
a good record of the technical work over the last 20

- years. Prior to that time much of the work was

done in secret by the Naval Nuclear Propulsion
Program at the Knolls Atomic Power Laboratory
and the Bettis Laboratories operated by

- Westinghouse. This work is published as reports

and is still available in repository libraries.

The first of the open meetings was held in Buf-
falo, New York by the Electrochemical Society in
1965 and the papers were published in Volume 4,
Nos. 3-4, 5-6 and 7-8 of Electrochemical

- Technology in 1966.

The second such meetmg was sponsored by Com-

- mittee B10 of ASTM in 1968 with the papers
.- published as STP 458.
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