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List of Symbols and Abbreviations

a, ¢ directions 1010 and 0001, respectively
ag, Co lattice parameters

A constant

{ay,{¢c) unit cell vectors parallel and perpendicular to the basal plane of Zr
d oxide layer thickness

D diffusion coefficient

DD, diffusion coefficient parallel, perpendicular to the c-axis
E energy

E, displacement energy

E, position of the most stable interstitial
F resolved fraction of basal planes in the direction x
h> diffusion enthalpy

K. fracture toughness

Kisce SCC stress intensity factor

m, n exponents

0 activation energy

2 ratio of thickness reduction to diameter reduction
R gas constant

t time

T absolute temperature

€ strain

é strain rate

&, strain rate in direction x

v(E) number of displaced atoms in a cascade
o stress

(J neutron flux

AECL Atomic Energy of Canada Ltd.

ASTM American Society for Testing Materials
b.c.c. body-centered cubic

b.c.t. body-centered tetragonal

BU burn-up

BWR boiling water reactor

CANDU Canadian deuterium uranium reactor
CAP cumulative annealing parameter (3 A)
CRNL Chalk River National Laboratory
DAD diffusion anisotropy difference

DHC delayed hydride cracking

dpa displacements per atom

fc.c face-centered cubic

h.c.p. hexagonal close-packed

HVEM high voltage electron microscope

IAEA International Atomic Energy Agency



1GSCC
I-SCC
LHGR
LWR
MIBK
PCI
PKA
ppm
PWR
RBMK
RX
R&D
SCC
SEM
SIPA
STEM
SOCAP

TBS
TEM
Trex
UTS
VVER
YS

List of Symbols and Abbreviations

iodine intergranular stress corrosion cracking
iodine stress corrosion cracking

linear heat generation rate

light water reactor

methyl-isobutyl-ketone (process)
pellet—cladding interaction

primary knock-on atom

part per million

pressurized water reactor

Russian graphite-moderated boiling water reactor
fully recrystallized

research and development

stress corrosion cracking

scanning electron microscope

stress induced preferential absorption
scanning transmission electron microscope
second order cumulative annealing parameter
stress relieved

to be specified

transmission electron microscopy
tube-reduced extrusion

ultimate tensile strength

Voda-Voda energy reactor, Russian type PWR
yield strength



4 7 Zirconium Alloys in Nuclear Applications

7.1 History

7.1.1 High Temperature Water Reactors

Soon after the observation of the fission
of uranium 235, L. Szilard and F. Joliot-
Curie recognized the possibility of using
the chain reaction phenomenon as a source
of energy. Initially, test reactors were de-
signed with no constraints on thermal effi-
ciency. The aim was then to understand
neutron physics and to study the behavior
of materials under irradiation. Low tem-
perature, pool type reactors were con-
structed in which the structural material
used was exposed to a comparatively mild
environment. Aluminum and beryllium al-
loys were used for core components, due to
their low thermal neutron capture cross
section and acceptable corrosion rate in
water below 100°C.

Once nuclear power reactors for sub-
marine propulsion and production of elec-
tricity were designed, thermal efficiency
became mandatory, and materials had to
be found that could withstand the high
temperature of the coolant, usually water.
Zirconium (Zr), with its very low thermal
neutron capture cross section, was a poten-
tial candidate, but had poor ductility and
corrosion resistance. The first pressurized
water reactors were loaded with fuel clad-
dings and other structural elements (guide
tubes and grids) made of stainless steel.

An improvement in neutron efficiency
was a driving force for the development of
industrial type Zr-based alloys. At the end
of World War II, the nuclear submarine
program undertook a large effort in that
field. Systematic testing and research and
development (R & D) by the U.S. Navy re-
sulted in the development of an efficient
hafnium (Hf) separation process and in-
dustrial scale ingot production procedures.
During the test of a series of binary and

ternary alloys, an accidental contamina-
tion of a Zr-2.5% Sn (Zircaloy-1) melt by
stainless steel caused the serendipitous dis-
covery of an alloy of good corrosion be-
havior. Composition variations around
this alloy led to Zircaloy-2. Zircaloy-3, a
very low tin variant, was soon abandoned
in favor of the better Zircaloy-4, a Ni-free
variant designed to decrease hydrogen
pickup. Similar tinkering with composi-
tional variations to improve corrosion re-
sistance and strength led to the develop-
ment by the Soviet Union of another
family of alloys using the Zr-Nb binary
system, later used by Canada as well. The
Zr-Nb system allowed the possibility of
obtaining a fine two-phase structure that
leads to higher strength.

The subject of Zr metallurgy has merited
books (Lustman and Kerze, 1955) and re-
views (Douglass, 1971; Cheadle, 1975) in
the past. Detailed aspects of the metallurgy
of the IV-A series (Ti, Hf, and Zr) can be
found in Vol. 8, Chap. 8, of this Series. [t is
the purpose of this work to review the use
of Zr for nuclear applications and to pre-
sent some of the more recent developments
in the field.

7.1.2 Current Use

In today’s nuclear power reactors, Zr
alloys are commonly used for structural
components and fuel cladding. For light
water reactors (LWR), the common
choices are Zircaloy-4 in pressurized water
reactors (PWR) and Zircaloy-2 in boiling
water reactors (BWR). The heavy water-
moderated natural uranivm CANDU re-
actor (Canadian deuterium uranium), as
well as the Russian RBMK reactor, use
Zr-Nb alloys.

In fuel assemblies and bundles, clad
dings are made out of Zircaloy-2 or
Zircaloy-4. Those components are exposed
to the fission products at the inner surface



at temperatures close to 400°C. At the
outer surface they are in contact with light
or heavy water at coolant temperatures
(from 280 to 350°C). Typical heat fluxes
across the cladding are in the range of
30-50 W - cm ™ 2. Those tubes have differ-
ent geometries, depending on reactor de-
sign (Fig. 7-1). In PWR’s fuel rods clad-
dings are 4 to 5 meters long and have a
diameter of 9 to 12 mm for a thickness of
0.6 to 0.8 mm. BWR fuel rods are usually
slightly larger. In CANDU, fuel bundles
are short — 0.5 m — to allow on-line refu-
elling. The cladding is very thin — 0.4 mm
— and is designed to collapse around the
UO, pellets early during irradiation. In the
Russian VVER’s the fuel rod geometry is
similar to PWR’s but the usual cladding
alloy is Zr-1% Nb.

Structural components of the fuel as-
semblies are guide tubes and grids that
compose the skeleton. They have to with-
stand mechanical stresses during normal
or accidental operation as well as the oxi-
dizing hot water. In BWR’s each assembly
is surrounded by a Zircaloy-2 channel box
that avoids cross-flow instabilities of the
two-phase coolant. Geometrical stability
of those components is a critical aspect of
core design as it affects fuel loading capa-
bility, cooling efficiency and neutron
physics behavior of the core.

In the case of CANDU’s and RBMK’s,
the coolant is separated from the modera-
tor and flows around the fuel bundles
in pressure tubes, usually made of Zr-Nb
alloys. Those large components (10 m x
20 cm x 5 mm) are considered as a struc-
tural part of the reactor with a design life
of tens of years. They are thus exposed
to a high irradiation fluence (up to
3x10**nm~?%) in contact with the
coolant on the inner surface. Mechanical
stability of those large components affects
the overall geometry of the reactor.
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7.2 Fabrication and Products

7.2.1 Processing

Zirconium is commonly found in nature
associated with its lower row counterpart
in Mendeleev’s table, hafnium. Most of the
common Zr ores contain between 1.5 and
2.5% Hf. Due to its high thermal neutron
capture cross section, Hf needs to be re-
moved from Zr for nuclear applications.

The most frequently used ore is zircon
(ZrS10,) with a worldwide production of
about one million metric tons per year.
Most of the zircon is used in its original
form or in the form of zirconia (ZrO,) as
foundry die sands, abrasive materials or
high temperature ceramics. Only 5% is
processed into Zr metal and alloys.

The processing of Zr alloy industrial
components is rather complex due to the
reactivity of the metal with oxygen. The
general scheme is presented in Fig. 7-2:
Ore processing, zirconium/hafnium sepa-
ration, reduction to metal, alloy melting,
hot and cold deformation processing.

The first step is to convert the zircon
into ZrCl,, though a carbo-chlorination
process performed in a fluidized bed fur-
nace at 1200 °C. The reaction scheme is the
following:

Zr0, (+Si0, + Hf0,) +2C+2Cl, -
— ZrCl, (+SiCl, + HFCI,) +2CO

After this step, Zr and Hf are separated
using one of the two following processes:

(i) Wet chemical: after reaction with
ammonium thiocyanate (SCNNH,) a
solution of hafnyl-zirconyl-thiocyanate
(Zr/Hf)O(SCN), is obtained. A liquid—
liquid extraction is performed with meth-
yl-isobutyl-ketone (MIBK, name of the
process). Hf-free ZrO, is obtained after
several other chemical steps: hydrochlona-
tion, sulfation, neutralization with NH,,
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! (b)

(c)

Figure 7-1. Fuel cladding and other components.
made of Zr alloys. used in different reactor types: (a)
PWR fuel assembly (courtesy FRAGEMA). (b) BWR
fuel assembly and channel (courtesy GEc), (c)
CANDU fuel assembly and surrounding pressure
tube.




and calcination. ZrCl, is the final result
of a second carbo-chlorination process
(Stephen, 1984).

(ii) Direct separation process: this is an
extractive distillation within a mixture of
KCI-AICl; as solvent at 350°C. The vapor
phase, generated by a boiler at the lower
part of the distillation column, is enriched
in Hf, while the liquid phase traps the Zr
(Moulin et al., 1984 b).

In either case, Zr metal is obtained by a
reduction of ZrCl, in gaseous form by
liquid magnesium, at about 850°C in an
oxygen-free environment. Residual quan-
tities of Mg and MgCl, are removed
from the “sponge cake” by distillation at
1000°C. After mechanical fracturing, the
sieces of sponge are sorted, giving the ba-
sic product for alloy ingot preparation.

High purity Zr can be obtained by the
Van Arkel process. This consists of the re-
action of Zr with iodine at moderate tem-
perature, gaseous phase transport as Zrl,
and decomposition of the iodide at high
temperature on an electrically heated fila-
ment, the iodine released being used for the
low temperature reaction in a closed loop
transport process, according to the follow-
ing scheme:

Zr+21, > Zrl,(g) ... Zrl, —» Zr+21,(g)
1 |

250-300°C 1300-1400°C

For industrial alloys, a compact of
sponge containing the alloying elements —
O (in the form of ZrO,), Sn, Fe, Cr, Ni,
and Nb — in the desired composition, is
melted in a consumable electrode vacuum
furnace, usually three times. These vacuum
meltings reduce the gas content and in-
crease the homogeneity of the ingot. Typi-

al ingot diameters range between 50 and
80 cm, for a mass of 3 to 8 metric tons.

Industrial use of Zr alloys requires either

tube- or plate-shaped material. The first
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step of mechanical processing is forging or
hot rolling in the B phase, at a temperature
close to 1050°C. Hot extrusion is used to
obtain tube shells or Trex (tube-reduced
extrusion), while hot rolling is used for flat
products. For Zircaloys, at that stage a B
quench is performed to increase the corro-
sion resistance of the final product. This
treatment controls the distribution of sec-
ond phase particles, if no further process-
ing is performed above 800°C (Schemel,
1977). Further reduction in size is obtained
by cold rolling either on standard or
pilger-rolling mills. Low temperature re-
crystallization is performed between the
various size reduction steps.

7.2.2 Microstructure

Pure zirconium crystallizes at ambient
temperature as an hexagonal close-packed
metal, with a ¢/a ratio of 1.593 (i.e., a slight
compression in the c-direction compared
to the ideal ratio of 1.633). Lattice parame-
ters are a,=0.323nm and c,=0.515nm
(Douglass, 1971). The thermal expansion”
coefficients have been measured by Lloyd
(1963) on single crystals. The difference in
thermal expansion coefficients between the
a and c-directions (see Table 7-1) implies
that the c¢/a ratio tends towards the ideal
ratio at higher temperatures —i.e., towards
a more isotropic behavior.

At 865°C, Zr undergoes an allotropic
transformation from the low temperature
h.c.p. o phase to body centered cubic
B phase. On cooling, the transformation is
either martensitic or bainitic, depending
on the cooling rate, with a strong epitaxy
of the a platelets on the old B grains ac-
cording to the scheme proposed by Burg-
ers (1934) :

(0001), [ {110}, and (1120, <111,

The melting of pure Zr occurs at 1860°C,
so it can be classified as a weak refractory
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Zircon
sicl, (Si0,,Zr0,,HfO,)
LB Yr‘ Carbon
‘ Chlorination
Crude ZrCl, L
v Chlorine
Sublimation
| P ‘ HfCI,
' Chloride
| — | distillation
Zr /Hf I F‘ | | process
Separation )
| T : 1
Hafnium-free ZrCl,
l—' —
Compacted pure ZrCl,
v
- I_lH Kroll reduction
MGQHES'T = MgClz  ZrCi, + Mg — Zr.Mg + MgCl,
v
Vacuum distillation
Mg Zf,Mg—> Zr..Mg
L =
. v .
Crushing | |
i [ )
v
Blending @ . .
Figure 7-2. Processing and
v fabrication showing all the
‘ steps in the fabrication of
Inspection | Zr alloy components (cour-
tood tesy CEZUS): (a) From zir-
v con to sponge Zr, (b) from
( Zirconium sponge to alloy ingot, (c)
@ sponge from ingot to final product.
a

metal. The main properties of the Zr and Zr
alloys are given in Table 7-1. It should be
noticed that the main reason for selecting
Zr as a nuclear material is its low thermal
neutron capture cross section, which is
about 30 times less than that of iron, giving
a better thermal reactor neutron efficiency.

One should also note its strong aniso-
tropic behavior. For elastic properties,
the differences in thermal expansion and
Young’s modulus along the main direction
of the hexagonal lattice induce the develop-
ment of internal stresses after any heat
treatment due to grain-to-grain thermal
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First Second
Raw melt (third)
materials Electrode melt Ingot
holder s'l“"mde o
SPonge 1 welghmg Electrode pﬂ:\l;um s
Anode .
Recyclubleﬁ Ai,u - 1%"
scrap > > = Water . >
Alloy Electrode Arc out F‘ )
additives Compuchng welding ¥ 3 Liquid
ha pool
Water-cooled t
copper Water
(b) crucible in
Forging
press Hollow bitlet
Billet
Long product | ,_> & _> Tubing
Hot-forging stock '— ;'
press _’
M | " ‘l m open- or close-
. |_ | die forging
( = &
|—> ‘ Bar [: —» Forged parts
Bar rolling mill
Ingot 1 ‘ , .
_I rr Wire drawing
> | gyl e S o )
| | |] Wire roliing mill
c Wire in coil
L-high hot 4-high cold
rolling mill rolling mill
> p -
=T
@/T‘—‘ \ Plate
B Cold rolling g
Sheet
Slab " / Strip
o>
( Hot‘ contjnuous |
<) rolling mill Sendzimir cold- Coit
rolling mill
Table 7-1. Major physical properties of Zr.
Unit Average [1120] dir. [0001] dir.
Specific mass kg -m™? 6500
Thermal expansion K™! 6.70x 1076 520x107%  1.04x107°
Young’s modulus GPa 99 125
attice parameter nm a,=0323 cq=0.515
Thermal conductivity W-m 'K™! 22
Specific heat J-kg tPK™! 276
Thermal neutron capture cross section barn 0.185
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strain incompatibilities; after annealing at
500°C, the {c)-planes are thus in tension
at stresses up to 85 MPa, depending on the
original texture (MacEwen et al., 1983). In
a similar way, after plastic strain, elas-
tic recovery is orientation-dependent and
leads to compression along the {¢) planes
of almost 200 MPa (Holt and Causey,
1987). For an industrial material, the elas-
tic and thermal expansion coefficients
have to be computed from its texture, de-
scribed either by the pole figures (Rosen-
baum and Lewis, 1977) or better by using
the complete orientation distribution func-
tions (Sayers, 1987).

The relative solubility of the various al-
loying elements in the o and B phases is one
of the bases for the choice of additions as
well as heat treatments.

7.2.2.1 Alloys and Alloying Elements

The zirconium alloys in use today for
nuclear applications are limited in num-
ber: besides pure Zr, only four alloys are
currently listed in the ASTM standards
(ASTM, 1990). Those are shown in Table
7-2. The first three are used for cladding
and structural materials, like guide tubes
in PWRs and BWRs, channel boxes in
BWRs and structural materials in CANDU
reactors, while the last one, grade R 60904,
is used exclusively in pressure tubes for
CANDU reactors.

For cladding tubes, only Zircaloy-2 and
4 are listed in ASTM B 811-90. Other alloys
have been developed during the history of
nuclear power, but except for the Zr-1%
Nb alloy used for cladding in Russian
PWR’s (VVER) (Tricot, 1990), none are in
current use anymore, except for specialized
applications such as the Zr—Nb—Cu alloy
used in garter springs for CANDU pres-
sure tubes.

The needs for better performance of nu-
clear fuel assemblies and structural parts,
mainly with regard to corrosion resistance,
has led metallurgists and fuel designers to
intensive R & D efforts in order to improve
the properties of those Zr alloys by ad-
vanced compositions and thermomechani-
cal processing, and to optimize the mi-
crostructure within the current ASTM
alloy specifications.

Indeed, although safety concerns restrict
the introduction of new alloys because of
the large amount of data that needs to be
accumulated to verify the safe behavior of
fuel elements in case of reactor accidents,
the specifications for the alloys used today
are broad enough for optimization of
properties within the specified compos.
tion ranges. Moreover, the microstruc-
tures may be varied significantly because
of the oa—B phase transformation of zirco-
nium, and because of the different solubil-
ities of the alloying elements in the differ-
ent phases. The main alloying elements are
now considered in turn:

Oxygen is to be considered as an alloy-
ing element, and not an impurity. It is
added to the compacts before melting as
small additions of ZrO, powder. The usual
oxygen content is in the range of 800—1600
ppm and its purpose is to increase the yield
strength by solution strengthening. A 1000
ppm oxygen addition increases the yield
strength by 150 MPa at room temperature,
(Armand et al., 1965). Oxygen is an o sta-
bilizer, expanding the « region of the phase
diagram by formation of an interstitial
solid solution.

The Zr-O phase diagram is given in
Fig. 7-3: at high concentration, oxygen
stabilizes the o phase to liquid tempera
tures: During high temperature oxidation,
simulating a reactor accident, a layer of
oxygen-stabilized a-zirconium is found be-
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ASTM Ref. R 60802 R 60804 R 60901 R 60904
Common name Zircaloy-2 Zircaloy-4 Zr-Nb Zr-Nb
Alloying elements (mass %)

Sn 12 1.7 1.2 -1.7 — —
Fe 0.07-0.2 0.18-0.24 — —
Cr 0.05-0.15 0.07-0.13 - —
Ni 0.03-0.08 — — —
Nb — - 24 -28 25-2.8
O to be specified on order usually 1000—1400 ppm 0.09-0.13 TBS
Impurities (max. ppm)

Al 75 75 75 75
B 0.5 0.5 0.5 0.5
Cd 0.5 0.5 0.5 0.5
C 270 270 270 150
Cr - - 200 100
Co 20 20 20 20
Cu 50 50 50 50
Hf 100 100 100 50
H 25 25 25 25
Fe - - 1500 650
Mg 20 20 20 20
Mn 50 50 50 50
Mo 50 50 50 50
Ni - 70 70 35
Ni 80 80 80 05
Pb - - - 50
Si 120 120 120 120
Sn — - 50 100
Ta — - — 100
Ti 50 50 50 50
U 35 35 3.5 35
\ - - — 50
W 100 100 100 100

tween the P quenched structure and the
zirconia.

Tin is also an a stabilizer. [t forms in the
o and B phases a substitutional solid solu-
tion. Tin-based precipitates have been re-
ported in the literature (Bangaru, 1985)
but they appear to be artifacts of TEM
sample preparation (Charquet and Alheri-
tiere, 1985). At a concentration of 1.2—
1.8%, it is used for an increase in corrosion
resistance especially by mitigating the dele-
terious effect of nitrogen in deteriorating

corrosion behavior. Due to a better con-
trol of processing parameters, and conse-
quently of nitrogen content, the usage of
tin tends to be lower in the current alloys.
Tin, however, also has a limited impact on
mechanical properties, by increasing the
tensile yield strength, and therefore its
composition should not be excessively re-
duced.

Iron, chromium, and nickel are consid-
ered as “‘B-eutectoids™, because, in their
phase diagrams, these elements have an
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Weight Percent Oxygen

0 5 10 15 20 25 30 35
2800 ’ ' ‘ ] 2710°C ;L4G
2600 - L
24004 1-2377°C
2200 2065°C
5 2000
:_0' 1800 —1855°C
£ 1600 (820 o...1525°C B38|
‘éi 1400
8 10004 /S e ~1205°C
~970°C ;
1004/ .~ e 200
66.7 1™\
800 + 10ZrO,,
600 ~ e =B00°C. . Figure 7-3. Zr-O phase
400 29 66.7: diagram (Abriata et al.,
200 : : S 1986).
0 40 50 60 70

Atomic Percent Oxygen

eutectoid decomposition of the B phase
(Fig. 7-4 to 7-6). As mentioned in Sec.
7.1.1, they were added to the early Sn-
based alloys after an accidental pollution
by stainless steel of a melting lot showed an
enhancement in corrosion resistance, lead-
ing to the Zircaloys 2 and 4.

Weight Percent Iron

At common concentrations, these ele-
ments are fully soluble in the B phase. The
temperature of dissolution of those ele-
ments is in the range of 835-845°C — that
is, in the upper o+ B range (Miquet et al.,
1982). In the o phase their solubility is very
low: in the range of 120 ppm for Fe and

0 10 20 30 40 50 60 70 80 90 100
2000 D he hd hl h . S
1855°C
18007, 1673°C
s L
1600\
il ‘\ r==-=-==-=- ’
' \ P t - L7 -+1394°C
14004 %, - : 929 ..
-~ \ . ' 902/ ~99.3,
O = {BZn)* . ' o
< 12004 ! N odQ - ' (Fe) —
g v ‘24'9' ' 1357°C H
2 \ NS 974°C . o !
o 1000 .6 5 928°C i~ - e T : 925°C 55 912°C
R N O S T LR Sl _moee
e 730°C__!T & | ' Magnetic Transformation
Noo R
600+ .02 o 1 470°C (ctFe) —|
—fa" 2 N S
4007 T o S S ~275°C ] e
@' I—— - — - — . _
2004 = | Magnetic Transformation Figure 7 4. Zr e_
N ' phase diagram (Arias
0 o : , ‘ i : . and Abriata, 1988).
0 10 20 30 40 50 60 70 80 90 100
Zr Atomic Percent Iron Fe
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€ 15004 r T So
© BzZrCr, 19
3 '3 Cn —
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g 1300 g
k)
1100 Qo
N
3
900 )
Figure 7-5. Zr-Cr
phase diagram (Arias
700 ‘ i . i . ; : i i and Abriata, 1986).
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Zr Atomic Percent Chromium Cr

200 ppm for Cr at maximum solubility
temperature (Charquet et al., 1989a). For
the Zr-Cr and Zr-Ni binary alloys, the sta-
ble forms of the second phase are Zr,Ni or
ZrCr,. These phases are effectively the
ones observed in the Zircaloys, with Fe
substituting for the corresponding transi-

Weight Percent Zirconium

tion metal. The ZryFe phase which ap-
pears in the binary Zr—Fe diagram is not
found in Zircaloy, probably because its
formation is too sluggish (Bhanumurty
et al., 1991).

Therefore the general formulae of the
intermetallic compounds in Zircaloy are

0 10 20 30 40 50 60 70 80 90 100
1855°C
1800 4
1600 L
1455°C 1440°C
® 1400
e
3
= 1260°C
[}
£ 1200
k2 1120°C
1010°C
1000 - 64
. 1629 Figure 7-6. Zr—Ni
N N phase diagram (Nash
p=4 p=4
800 4 , ‘ , ‘ I and Jayanth, 1984).
0 10 20 30 40 50 60 70 80 90 100
Ni Atomic Percent Zirconium zr
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Zr,(Ni, Fe) and Zr (Cr, Fe),. In Zircaloy-4,
the Fe/Cr ratio of those precipitates is the
same as the nominal composition of the
alloy. In Zircaloy-2 alloys, the partitioning
of Fe between the two types of intermetal-
lic phases leads to a more complex rela-
tionship between nominal composition
and precipitate composition, giving a
broad range of Fe/Cr ratio in Zr(Cr, Fe),,
and Fe/Ni in Zr,(Fe, Ni) (Charquet and
Alheritiére, 1985; Yang et al., 1986).

The crystal structure of the Zr(Cr, Fe),
precipitates is f.c.c. (C15) or h.c.p. (C14),
depending on composition and heat treat-
ment, with characteristic stacking faults as
seen in Fig. 7-7. Both structures are Laves
phases. The equilibrium crystallographic
structure 1s dependent upon the Fe/Cr ra-
tio, cubic below 0.1 and above 0.9, and
hexagonal in the middle, following an em-
pirical rule proposed by Shaltiel et al.
(1976). In common alloys, both types of
structures are found, even in the same
sample, with random probabilities of oc-
currences of each. The Zr,(Ni,Fe) precipi-
tates have a body-centered tetragonal C'16
structure (Al,Cu-type).

The size of these precipitates is of impor-
tance for the properties of the alloys, espe-
cially the corrosion rate: while better uni-

_

b

5 pm

form corrosion resistance is obtained for
Zircaloys used in PWRs if they contain
large precipitates, better resistance to lo-
calized forms of corrosion is seen in BWRs
in materials that have finely distributed
small precipitates. It has been shown that
precipitation after B quenching is rapid
(less than 10 min at 500°C) and that the
coarsening rate of those precipitates con-
trols their sizes in the final microstructure.
[t 1s thus necessary to consider the com-
plete history of the various heat treatments
following the final B quenching to assess
the final precipitate size distribution. Var-
ious cumulative annealing parameters
(CAP or £A) have been proposed for this
purpose, based on recrystallization activa-
tion energy or corrosion behavior. Re
cently, the coarsening kinetics have been
shown to be second order with an activa-
tion energy of Q/R=18700 K, and a better
description of the resultant precipitate size
distribution results from using the second
order cumulative annealing parameter
(SOCAP) (Gros and Wadier, 1989).

In the Zr-2.5%Nb alloy used in
CANDU pressure tubes, very little Fe is
found in the o phase, most of it being in the
remanent j phase, in metastable solid solu-
tion.

Figure 7-7. Typical distri-
bution of second phase
precipitates Zr(Cr, Fe), and
Zr,(Ni, Fe) in recrystallized

200 pm Zircaloy.
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Figure 7-8. Zr—Nb phase

diagram (Abriata and
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Niobium (columbium) is a B stabilizer.
From pure B-Zr to pure Nb there exists a
complete substitutional solid solution at
high temperature (Fig. 7-8). A monotec-
toid transformation occurs at about 620°C
and around 18.5 at.% Nb. By water
quenching from the p or upper o+ p re-
gions, the B Nb-rich grains transform by
martensitic decomposition into an «' su-
persaturated h.c.p. phase; subsequent heat
treatment below the monotectoid tempera-
ture leads to the precipitation of B’ Nb
precipitates at twin boundaries of o
needles (Williams and Gilbert, 1966). In
addition a metastable @ phase can be ob-
tained from the B by slow cooling or aging
of a quenched structure. A simple epitaxial
relationship is obtained between the o
phase and the parent B (Dawson and Sass,
1970).

Hydrogen is not an alloying element by

esign, but its behavior has to be assessed,
since during waterside corrosion, both the
hydrogen produced by the reduction of the
water for oxidation of the Zr matrix and

100
Nb

70 90

the hydrogen present for water chemistry
control, can be absorbed to some extent
into the bulk of the alloy. Hydrogen atoms
are located at tetrahedral sites of the h.c.p.
cell of the Zr matrix up to the solubility
limit (about 15 ppm at 200°C and 200 ppm
at 400°C). Above the solubility limit hy-
drogen precipitates as the equilibrium 6
f.c.c. phase (ZrH, (¢). The corresponding
phase diagram is given in Fig. 7-9. High
cooling rates cause the precipitation of the
metastable body centered tetragonal vy
phase, ZrH (Weatherly, 1981).

Due to the volume expansion induced
by the precipitation of the hydrides, this
new phase tends to reduce its strain energy
by nucleating on low index crystallo-
graphic planes. Habit planes are {1010} for
pure Zr and {1017} for Zircaloys, in
epitaxy with the matrix according to the
relationship (111);]/(0001),, (Bradbrook
et al., 1972). Further macroscopic growth
of the hydride clusters occurs in the plane
of maximum tensile stresses or in the basal
plane if unstressed (Kearns and Woods,
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1966). Thus the texture of the material as
well as the stress state are critical parame-
ters for the control of the precipitation
morphology of the hydrides, a brittle con-
stituent at low temperatures.

Other minor constituents are often found
in the form of precipitates. Among them
are the carbide f.c.c. ZrC and silicides ¢
phosphides of various stoichiometries
(Zr,Si, ZrSi,, ZrP, Zr;P) (Charquet and
Alheriticre, 1985).



7.2.2.2 Heat Treatments and Resultant
Microstructure

At high temperature, the oxide layer
that develops during forging is not protec-
tive and therefore O, N, and H can diffuse
into the bulk of the ingot if no particular
care is taken.

Some of the precautions that have to be
taken for thermomechanical processing
are reducing the time at high temperature
in unprotected atmospheres and perform-
ing intermediate descalings and etchings of
oxidized forgings.

Thus, after ingot melting, the ther-
momechanical processing commonly used
for industrial alloys is the following:
® Hot forging in the B range (1000 to

1050°C).

e Water quenching from the homoge-
neous B phase (above 1000°C).

e Intermediate temperature (upper o)
forging and rolling, or extrusion for
tubes.

e A series of cold temperature rollings
followed by intermediate anneals in
vacuum furnaces.

Homogenization in the B phase leads to
the complete dissolution of all the second
phase particles, but gives rise to significant
grain growth: after 30 min at 1050°C,
grain size may reach several millimeters.
During the water quench, the B grains
transform into o needles by bainitic trans-
formation due to the slow cooling rate of
the large pieces involved. These o needles
nucleate at grain boundaries and each for-
mer [} grain leads to a series of crystallo-
graphic orientations corresponding to the
12 different permutations of the Burgers
relationships. This leads to a typical “‘bas-
ket-weave” microstructure as seen in
Fig. 7-10a. The B-eutectoid elements are
repelled by the transformation front and
precipitate at the boundaries of those
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Figure 7-10. Typical microstructure of  quench ma-
terial: (a) Basket weave o grains from the same former
3 grain. The contrast obtained in polarized light
shows the 4 different orientations of the o grains from
the same B grain. (b) Second phase precipitation at o
grain boundaries. In bright field, the precipitates ap-
pear as small white dots at interplate boundaries.

needles (Fig. 7-10b). This B quench is used
for an increase of corrosion resistance of
the final product, and is a reference state
for further processing. The cold working
steps increase the homogeneity of the pre-
cipitate distribution.

After each cold working step of plate or
tube material, an annealing treatment is
mandatory to restore ductility. It is usually
performed at 550-600°C to obtain the
fully recrystallized material (RX). The re-
sultant microstructure is an equiaxed ge-
ometry of the Zr grains with the precipi-
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tates located at the grain boundaries and
within the grains (Figs. 7-7 and 7-11).

To improve the mechanical properties of
the final product, the temperature of the
last annealing treatment can be reduced to
avoid complete recrystallization. This is
the stress-relieved (SR) state, characterized
by elongated grains and a high density of
dislocations.

In the case of Zr-2.5% Nb alloys, f
quenching in water of small pieces leads to
the precipitation of o martensite supersat-
urated in Nb. Tempering at intermediate
temperature results in B-Nb precipita-
tion at the lath boundaries and at twin
boundaries within the lath (Williams and
Gilbert, 1966), followed by transformation
of o' into a. When quenching is performed
from an o + B region, a uniform distribu-
tion of o and B grains is obtained, and the
Nb-rich B phase does not transform. ln
this later case, however, the texture is less
uniform along the length of the tube than
in B quenching. After rolling or extrusion,
the Nb-rich B grains tend to align and the
resultant microstructure is shown in Fig.
7-12. By aging. at temperatures in the
range of 500°C, the metastable Nb-rich
phase can be decomposed into an h.c.p. ®

20 pin

Figure 7-11. Microstructure of recrystallized Zircaloy-
4: equiaxed o grains with homogeneous distribution
of intermetallic precipitates.

phase. This gives a sharp increase in me-
chanical strength due to the fine micro-
structure obtained by the B—w transfor-
mation (Cheadle and Aldridge, 1973). In
the usual form of the Zr-2.5% Nb, the cold
work condition after a4+ extrusion and
air cooling, the microstructure consists of
Zr grains with layers of Nb-rich B phase
(close to eutectoid composition). Due to
the atfinity of Fe for the B phase, most of
this element is found in the minor 3 grains.
These B grains are metastable and de-
compose upon aging to a mixture of o-Zr
and pure B-Nb. The a-Zr phase itself is
metastable and irradiation induced precip-
itation of the supersaturated Nb solid solu-
tion can occur, which is believed to im-
prove corrosion resistance (Urbanic et al.,
1989).

[n the case of Zr-1% Nb used for VVER
and RBMK. the concentration ol Nb is
low enough to avoid microstructural evo-
lution during service.

7.2.3 Properties
7.2.3.1 Mechanical Properties

The mechanical properties of the Zr al-
loys are strongly dependent on several
parameters such as composition. lexture
and metallurgical state. For practical pur-
poses, the properties at 300-400°C are
most important and room lemperature be-
havior is used mostly for comparison.

As reviewed by Tenckhoff (1988). the
deformation mechanism of the hexagonal
Zr follows two main mechanisms, slip or
twinning. depending on the relative orien-
tation of the grain in the stress field.

Dislocation slip occurs mostly on prism
planes in the a-direction. This is referred
to as the {1070} (1210) system. The high
ductility of the Zr alloys cannot be ac-
counted for solely with this type of slip,
which gives only two independent shear
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systems (by permutation of the indexes).
Therefore at high deformations and as the
temperature is increased, (¢ + a)-type slip is
activated on {1121} or {1011} planes.

Twinning. Several systems may be acti-
vated dey erding on the siress siaie: Lor ten-
sile stress in the ¢-direction, {1012} <1011}
twins are the most frequent, while the
{1122} (1123) system is observed when
compression is applied in the c-direction.
Twinning is less common in the Zr—Nb
alloys than in the Zircaloys because of its
fine microstructure.

The resolved shear stresses of the twin
systems have been shown to be higher than
the one necessary for slip, but due to the
dependence of the Schmid factor on orien-
tation, twinning is activated before slip, for
some well oriented grains. Therefore there
are five independent deformation mecha-
nisms operating in each grain and the von
Mises criterion for grain-to-grain strain

>mpatibility is fulfilled.

At the large strains obtained during me-
chanical processing, steady state interac-
tions occur between the twin and slip sys-
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Figure 7-12. Typical microstructure of
Zr1-2.5% Nb pressure tubes: a layered
structure of o Zr and B (Nb-Zr).

tems that tend to align the basal planes
parallel to the direction of the main defor-
mation for rolling and pilgering (Tenck-
hoff, 1978) and perpendicular to that di-
rection for extruding (Cheadle, 1975). The
final texture may change with the specific
conditions of the processing mechanisms
utilized (Moulin et al., 1984a; MacEwen
et al., 1988). The methods of measurement
of material texture as well as the impact of
texture on the material properties are re-
viewed in Vol. 15, Chap. 10 of this Series.
For cold-rolled materials (sheets or
tubes), the textures are such that the ma-
jority of the grains have their c-axis tilted
30-40 degrees away from the normal of
the sheet or of the tube surface towards the
tangential direction, as can be seen in the
{0002>-pole figure shown in Fig. 7-13.
During tube rolling, the spread of the tex-
ture can be reduced by changing the ratio
of the thickness to diameter reduction
(2-factor): a reduction in thickness higher
than the reduction in diameter gives a
more radial texture, i.e., a texture with the
c-poles closer to the radial direction.
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(0002) POLE FIGURE

Figure 7-13. Pole figure of 1.5% cold-rolled Zirca-
loy-2 sheet, showing the distribution of basal planes
at 35°C from the normal direction, and along the
short transverse direction in the sheet. R indicates the
rolling direction and T the short transverse. The nor-
mal direction is perpendicular to the page. The thick
contour line indicates a random concentration of
basal poles, the dotted line is half of random, and each
of the thin contour hnes indicates an increase of half
the random value, so that the maximum corresponds
to about five times the random value. (Courtesy of
John H. Root, AECL, Chalk River Laboratory.)

After cold processing, the <1010>-direc-
tion is parallel to the rolling direction.
During recrystallization heat treatment, a
30 degree rotation occurs around the c¢-di-
rection and the rolling direction is then
aligned with the (1120>-direction for some
of the grains.

At room temperature, in the annealed
state, pure, oxygen-free Zr, has a low yield
strength of 150 MPa. This yield strength
can be enhanced by solution strengthen-
ing, using alloying elements that have sig-
nificant solubilities in a-Zr. Oxygen, tin
and niobium are candidate elements to
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hut degrades .ce corrosion resistance.
Tin causes only a small increase in ten-
sile strength (Isobe and Matsuo, 1991).
By contrast, the addition of 800 ppm of
oxygen increases the yield strength to
300 MPa. As a result of this, Zircaloys
have minimal yield strengths in the range
of 250-300 MPa and the Zr-2.5% Nb al-
loy, 300 MPa. As in other metals, reduc-
tion in grain size is also used to obtain
higher strength, leading to the specifica-
tion of a grain index of 7 or finer for stan-
dard products. For all those materials, the
ductility remains high (above 20%). Addi-
tional strength is obtained by cold work-
ing, allowing the increase of the yield
strength above 400-450 MPa. This is fo'
lowed by a final stress-relief heat treatment
to restore ductility without drastic reduc-
tion in strength.

Finally the texture itself can increase al-
loy strength by changing the Schmid factor
for slip or twinning. This can be observed
by the differences in strength between the
axial and transverse directions. In addi-
tion, due to the distorted shape of the yield
locus, and consequently of the orientation
of the strain vector, strain is also aniso-
tropic.

The resistance to unstable crack growth
(fracture toughness) is relevant to large
components under tensile stresses. There-
fore, the fracture behavior of the Zr alloys
has been studied only in the practical case
of the large pressure vessels for chemical
engineering (Tricot, 1989) or pressure
tubes in CANDU reactors. For hydrogen-
free Zr alloys there does not exist any brit-
tle—ductile transition with temperature as
in ferritic steels and the rupture is always
ductile. The embrittlement of Zr alloys
related to the behavior of hydrogen. Dur-
ing operation, some hydrogen pick-up oc-
curs (see Sec. 7.3.2.4). This hydrogen pre-
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and stress state. 't cat also ¢*Tuse along
the thermal gradient, giving locally much
higher concentration of hydrides. Those
hydrides are not ductile at low tempera-
ture, and the fracture behavior of an alloy
containing significant amount of hydrogen
is strongly dependent on temperature and
hydrogen content. The geometrical distri-
bution of the hydrides has also a large in-
fluence: in the case of hydrides parallel to
the macroscopic plane of the crack, crack
growth is enhanced by the percolation of
the fractured platelets (Asada et al., 1991).
The values reported for the fracture tough-
ness K|, of different alloys lie in the same
-ange of 120-150 MPa - m'/? for hydro-
gen free or for high temperature data. The
transition temperature is reported around
250-300°C for 200 ppm of hydrogen and
decreases with hydrogen content. For hy-
drogen content above 400 ppm, the room
temperature fracture toughness is reduced
below 30 MPa - m!/? (Simpson and Chow,
1987; Asada et al., 1991). A reduction of
the fracture toughness of Zr-2.5% Nb
pressure tubes with the neutron irradiation
fluence has been observed and can be
linked to the change in microstructure (dis-
location density and Nb-rich precipitates).

Thermal creep: The stress applied to
structural parts under reactor conditions
is sufficient to induce creep. Although in-
reactor creep is always mixed with growth
(Sec. 7.3.1.4), some experiments were con-
ducted to identify the basic mechanisms of
creep strain out-of-flux. Compared with
metals of similar melting temperature, the
thermal creep rates of zirconium alloys are
high and design limitations result from this

sarticular behavior.
Zirconium creeps at low temperature: at

room temperature, grain boundary sliding
is observed at low strain rates. Early creep

variation of the activation energy with
teriperatr-e, indicat'=g ~umerous mecha-
nisms involved in this deformation pro-
cess, that have not been clarified (Guibert
et al., 1969). In the range of reactor tem-
peratures, the activation energies of 2.7 eV
for standard alloys are close to Zr self dif-
fusion values (see Sec. 7.2.3.2). The stress
exponents of the creep rate are still under
discussion, reported to be in the range of 2
at high stresses (Matsuo, 1987) or much
higher at low stresses (Murty and Adams,
1985). The mechanisms considered are
complex with predominance of dislocation
glide controlled by local climb.

Due to the texture of the cylindrical
components and to the different deforma-
tion processes that could be considered,
depending of loading path, analytical
creep experiments are based on biaxial
loading: closed end samples are tested in
tension or compression under various
internal pressures. Axial and diametral
creep strains are measured in order to plot
the creep stress locus. Testing stress-re-
lieved (SR) and fully recrystallized (RX)
Zircaloys, Murty and Adams (1985) have
shown that the results are best explained
if prism slip is considered as the active
mechanism for RX material and basal slip
for SR.

The response of Zr alloys to abrupt
changes in loading stress level during creep
testing has been discussed in detail and a
consensus exists that a strain hardening
rule should be used for moderate changes
in applied stresses (Lucas and Pelloux,
1981). In the case of large changes of ap-
plied stress for reversal loading conditions
(tensile/compression) some contribution
of recovery has to be considered (Matsuo,
1989).

Most of the metallurgical parameters
affect the creep rate. For example, while
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more resist. 7t to creep. The meta. “irgica
state of the material also influences the
creep mechanisms: although a SR material
has higher tensile strength, its high disloca-
tion density allows it to creep about 2 to 3
times faster than the RX material.

The effect of alloying elements on creep
properties has been found to be slightly
different from their effect on tensile
strength. The effect of oxygen remains im-
portant to improve creep resistance, but it
is smaller than the room temperature yield
strength improvement. Although it has
little effect on tensile strength, tin increases
the creep resistance (Mclnteer et al., 1989).
Carbon also reduces the creep rate, but
due to its low solubility (150 ppm) it can-
not be used efficiently for that purpose.
[rradiation creep is treated in Sec. 7.3.1.5.
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7.2.3.2 Diffusion Data

The large amount of data currently
available on solute and self diffusion in
a-Zr was reviewed by Hood (1988). In gen-
eral terms, single crystal, pure materials
should be used for the measurements so
that there is some confidence that the re-
sults represent intrinsic diffusion data. For
a review of diffusion in solids see Vol. 5,
Chap. 2 of this Series.

The three main considerations in a study
of diffusion in a-Zr and a-Zr-based alloys
are: the atomic size effect, the anisotropy
of diffusion in the hexagonal lattice and
the effect of impurities.

Atom size: small solute atoms can dif-
fuse through the interstitial sublattice at
rates which may be 10 to 20 orders of mag-
nitude faster than self or substitutional dif-
fusion. Figure 7-14a (Hood, 1988) shows a
summary of measurements of intrinsic dif-
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gle crysiel specimens. he fast aiffusing
sma.. solutes (H, Fe, M., up to O and N)
are characterized by activation energies
between 0.6 and 2.5 eV and pre-exponen-
tial factors of the order of 1077 to
10"* m? - s~ '. Those elements are thought
to be interstitial diffusers. Diffusion of the
larger solutes (Zr, Hf, Nb, Sn) has the
characteristics of self- or substitutional dif-
fusion, with activation energies of 2.8 to
3.3 eV and preexponential factors of the
order of 10”*m? - s~!. The best estimate
for the activation energy of Zr self diffu-
sion 1s 3.3 eV, of which 1.9¢eV is the va-
cancy formation energy and 1.4 eV is the
migration energy (Hood et al., 1992)
When there is no experimental data, a
rough estimate of the migration energy
and preexponential can be obtained from
the size correlation curves shown in Fig.
7-14b.

Anisotropy: It has been recognized that
diffusion along the ¢ and c-axes in Zr is
generally different. For that reason, in
principle, diffusion measurements in o-Zr
have to be made in both directions. In
practice this can be done more easily for
the fast solutes (Fe, Cr, Ni), for which it
has been determined that the diffusion co-
efficients are maximum along the c¢-direc-
tion, by a factor of D /D, =3 (D) is the
diffusion coefficient parallel to the c-axis
and D, is perpendicular to the c-axis). For
self diffusion the only measurement avail-
able (Hood and Schultz, 1974) gives
D /D, =1.3. The diffusion of other slow
diffusers is also nearly isotropic (Zhou,
1992). The determination of such diffusion
anisotropies is important: a factor of two
in the diffusion anisotropy has been showr
(Woo, 1988) to produce significant effects
in sink biases and microstructural evolu-
tion through the so-called DAD (diffusion
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Figure 7-14. (a) Self and solute diffusion
data in 2-Zr (Hood, 1988). (b) Atom size
correlation for migration energy and pre-
exponcntial factor for diffusion in a-Zr
(Hood, 1988).
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in Sec. 7.3.1.4.

Impurities: The effect of impurities on
Zr self diffusion has only recently begun to
be understood. It was determined that sub-
stitutional diffusion in Zr is dominated by
the effect of residual Fe. Hf diffusion in
nominally pure Zr (~ 50 ppm of Fe) was
shown to be higher by up to two orders of
magnitude than Hf diffusion in ultrapure
Zr (<1 ppm Fe). In a conclusive experi-
ment, when Fe was added to the ultrapure
material, to the levels of the nominally
pure material, the Hf diffusion coefficients
jumped up to the values observed in the
nominally pure Zr (Hood et al., 1992). The
Fe-enhanced migration energy is 0.7 eV,
in contrast to the intrinsic value of 1.4 eV.
It is not known at present what kind of
defect configuration and migration mecha-
nism creates such a large diffusion en-
hancement, e.g., a tightly bound vacancy-
Fe complex having been proposed (King
et al., 1991).

7.3 In-Reactor Behavior

In this section, we examine the behavior
of Zr components when subjected to a nu-
clear reactor environment.

In Sec. 7.3.1 the effects of the neutron
flux in causing irradiation damage to the
Zr components are discussed. The effects
of this damage range from an increase in
the concentration of dislocation loops,
causing hardening and loss of ductility and
the dimensional changes brought about by
irradiation creep and growth, to second
phase dissolution, decomposition and re-
precipitation, possibly influencing corro-
sion resistance.

Waterside corrosion of Zr alloys is ex-
amined in Sec. 7.3.2. In-reactor, high tem-
peratures, irradiation radiolysis, and, pos-

~lear "pbp cations
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combine to accelerate corrosion rates that
are normally slow outside irradiation. The
effects of alloying elements on corrosion
rates are discussed and the special prob-
lems of nodular corrosion, and hydrogen/
deuterium pickup are considered.

In Sec. 7.3.3, the problem of stress cor-
rosion cracking induced by the pellet—
cladding interaction is discussed. This is a
typical example of an in-reactor corrosion
mechanism, since it requires cladding
stresses induced by interaction with the ex-
panding UO, pellet, while the corroding
agent is iodine originating from nuclear

fissions.

7.3.1 Irradiation Damage
and Irradiation Effects

7.3.1.1 Displacement Calculations

At the root of all irradiation effects dis-
cussed later in this section is the displace-
ment of atoms from their normal lattice
positions by collisions with incident parti-
cles. In the case of in-reactor behavior, we
are concerned with the collisions of neu-
trons with target atoms.

For the case of zirconium and 1 MeV
neutrons, the recoil atom from the original
neutron—-atom collision (called primary
knock-on atom, PKA), has a maximum
energy as high as 44 keV. This PKA de-
posits its energy in a relatively localized
region, causing secondary and higher or-
der displacements. The localized nature of
the energy deposition creates a region of
high displacement density, commonly
called a collision cascade. The number of
displacements in a collision cascade caused
by a PKA of energy Fis v (F), typical val-
ues being about 100 to 200.

The procedure for calculating v(FE) and
relating it to the number of displacements
induced in a material by a given neutron
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ume (Chap. 9, Sec. ¥.«..2), so it necd not
detain us here. In order to perform the
calculation, the displacement energy E,
needs to be specified. This is the minimum
energy required to displace an atom from
its lattice site. According to measurements
in the high voltage electron microscope
(HVEM) (Griffiths, 1987) E, for the pro-
duction of visible damage in pure Zr is
about 25 ¢V, varying by approximately
1eV with crystallographic orientation.
This energy is much higher than the
Frenkel pair formation energy, reflecting
the fact that the atom has to go through a
potential barrier in order to be displaced.

After being displaced from their most
stable lattice position, the atoms have a
choice of several interstitial configurations
to assume, of which the lowest energy ones
are more likely to be found. These configu-
rations have been studied by lattice calcu-
lations using interatomic potentials that
predict macroscopic properties of Zr with
some accuracy (Bacon, 1988). The possible
defect positions for the h.c.p. lattice are
shown in Fig. 7-15. Calculations (Fuse,
1985) show that the most stable interstitial
is located at the E, position, and has an
energy of 3.83 eV.

Although the calculation for the conver-
sion of neutron fluence to displacements
per atom has to be performed for each
specific reactor, with its particular flux
characteristics and power history, a rea-
sonable estimate of the conversion factor is
2 displacements per atom (dpa) for each
102 n-m~ % (E>1MeV). This means that
the zirconium rods in a pressurized water
reactor (PWR) receive about 20 dpa in the

years they stay in the reactor, corre-
sponding to about 10~ " dpa - s~ 1.

Each atom is therefore displaced on the
average about 20 times during the three
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Figure 7-15. Possible interstitial sites for h.c.p. zirco-
nium. Letters in the figure indicate positions and
types of interstitials (Fuse, 1985).

years it stays in reactor. Clearly, a lot of
annealing takes place concurrently, since
the Zr cladding maintains its structural in-
tegrity, and most of its good mechanical
properties. Some of this annealing takes
place within the cascade itself, the number
of stable defects produced per displace-
ment being much smaller than 100% (Woo
and Singh, 1992). However, the sheer
amount of rearrangement that is required
creates a potential for microstructural
changes under irradiation. The mecha-
nisms by which this potential is translated
into actual material changes under irradia-
tion is reviewed in the following sections.

7.3.1.2 Irradiation Effects in the Zr Matrix

Under reactor operating temperatures,
the point defects that escape immediate re-
combination can migrate to sinks, such as
grain boundaries, free surfaces and dislo-
cations. Due to the unequal bias of the
different sinks for the defects, vacancies
and interstitials can accumulate at differ-
ent sinks, giving rise to macroscopic ef-
fects. For example, when network disloca-
tions are not present in large quantities
(i.e., in recrystallized material), the point
defects can agglomerate into dislocation



Dislocation Structure

The as-fabricated material contains net-
work dislocations, resulting from cold
work. Those are mixed in type, both {a)
and {¢+ a)-component dislocations being
present.

The dislocation structure in Zr alloys
under irradiation was studied in an inter-
national “‘round robin’ experiment involv-
ing several laboratories (Northwood et al.,
1979). The picture was more complete in
the review by Griffiths (1988), due to the
examination of higher fluence samples.
Dislocations developing under irradiation
are mostly {a)-type 1/3{1120) loops, as
shown in Fig. 7-16. Both vacancy and in-
terstitial loops have been reported, in
roughly comparable proportions. This is
an unusual feature of microstructural de-
velopment under irradiation in Zr and its
alloys, as compared to cubic metals ar ’
other h.c.p. metals, where only one type of
loop usually grows. Near {1212} grain
boundaries the {a)-type loops are mostly
vacancy type, as shown in the denuded
zone of Fig. 7-17. The effect is less marked
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The {a)-type dislocations arrange them-
selves in layers parallel to the basal plane.
Vacancy loops exist at temperatures be-
tween 353 and 723 K, above which temper-
ature they are destabilized by vacancy
thermal emission, as verified by Jostsons,
et al. (1979), who measured a decrease in
the ratio of vacancy — to interstitial — type
loops above that temperature.

After neutron irradiation to around
3x10%°n-m~? at temperatures between
560 and 773 K, {¢)>-component disloca-
tions start to develop in annealed Zircaioy-
2. They are located on the basal plan:
are vacancy in character and have a
1/6<2023> Burgers vector. Some of those
{c>-type loops are shown developing near
a dissolving amorphous precipitate par-
ticle in Fig. 7-18. It is not known what
triggers the appearance of {¢)-component
ops e or Ve a'crenreni d dose, but
they have been linked to the occurrence of
breakaway growth by providing an addi-
tional sink for vacancies, as explained in
Sec. 7.3.1.4. It is interesting to note that
under electron irradiation, {¢)-component

Figure 7-16. {a)-type dis-
locations formed n Zr-
2.5 Nb after neutron irradi-
ation at 573 K [(a) diffract-
ing vect ~ 1011 sh~wing
{a)-type contrast, (b) dif-
fracting vector 0002 show-
ing {¢)>-type contrast]. No
{e)-type loops are present
(micrograph courtesy of M.
i GrifT*s, AEC _. Chalk
River).



dislocations of the type 1,2[0001] and
1/2[1123] are found, which supports the
general idea of development ol {¢)-type
dislocations under irradiation.

Voids

Contrary to the behavior of stainless
steel, Zircaloy does not exhibit significant
void formation under neutron irradiation
(Farrell, 1980). Under electron irradiation
swelling is observed in Zr which was previ-
ously injected with helium (He) (Faulkner
and Woo, 1980). Accordingly, TEM stud-
ies have not found many cavities and voids
in neutron or charged-particle irradiated
Zr alloys. This was confirmed by Baig
et al. (1989) who could not [ind any voids
in irradiated Zr by small angle neutron
scattering. The reason is thought to be that
the gases that could stabilize voids and
cavities (O,H.N) are very soluble in the Zr
matrix. where their equilibrium concentra-
tion can be quite high (Figs. 7-4 and 7-5).

Some cavities have nevertheless been
‘ound in crystal bar Zr after neutron irra-
diation, in the interstitial denuded zone
near grain boundaries (Griffiths et al.,
1988). This is probably due to the high

< P R
VALANC!  tG ety o 1l oo
close to © grain - Tary

U In crystai-har Zr irradiated

at 700 K t» . fluence of

[1x10°*n m % (E >1MeV).

‘ Loops exhibiting inside con-

trast with a 1212 diffraction

vector are vacancy In nature

(beam direction close 1o

[1213]). Close to the gram

boundary. vacancy loops form

preferentially. in contrast 1o

the bulk. where some inter-

sutial loops also form (micro-
graph courtesy of M Griffiths.

AECL. Chalk River).

(b)

Figure 7-18. (a* Formation of {¢>-component ." slo-
cations in Zircaloy-4 irradiated in a PWR at 580 K to
a fluence of 8.5x10*° n-m~2 Compare with Fig.
7-16b taken under same diffraction conditions. (b)
Association of {c)-component dislocations with
amorphous Zr(Cr, Fe), precipitate, in course of dis-
solution. Arrows indicate steps similar to those in
Fig. 7-19B and C.
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and they are not thought to have much
effect in the irradiation behavior of zir-
conium alloys.

7.3.1.3 Irradiation Effects
on Second Phases

Crystalline to Amorphous Transformation
( Amorphization) of Precipitates

One of the most striking effects of irra-
diation on Zr alloys is the crystalline to
amorphous transformation (amorphiza-
tion) observed in the ir ermetallic precipi-
tates Zr(Cr, Fe), and Zr,(Ni, Fe), com-
monly found in Zircaloys. Those pre-
cipitates, described in Sec. 7.2.2, undergo
amorphization under neutron irradiation
as reported by Gilbert et al. (1985) and
confirmed by Yang et al. (1986). The trans-
formation has been observed in Zircaloys
irradiated at 550 to 620 K (from both
LWR fuel cladding and structural mate-
rial) and at 350 K (calandria tubes from
CANDU reactors). At 350 K, both types
of precipitates are completely amorphous
after very low fluences (0.5 to 1 dpa). At the
higher temperature range, the Zr, (Ni, Fe)
precipitates are completely crystalline,
while the Zr (Cr, Fe), precipitates are par-
tially amorphous having developed a “*du-
plex” structure, consisting of an amor-
phous layer that starts at the precipitate-
matrix interface, and gradually moves into
the precipitate until the precipitate is com-
pletely amorphous. This is shown in Fig.
7-19A. A crystalline core is present, as
evidenced by the stacking fault contrast,
while an amorphous layer has been formed
that will eventually envelop the whole pre-
cipitate. Amorphization is associated with
a depletion of iron from the amorphous
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It is thoug™* . mor—hizatic = occurs . e-
cause the irradiated crystalline structure is
destabilized with respect to the amorphous
phase due to the accumulation of irradia-
tion damage. A review of the experimental
evidence and theoretical models for amor-
phization of those precipitates under neu-
tron and charged particle irradiation was
given by Motta et al. (1991) and Motta and
Lemaignan (1992).

Precipitate Dissolution
and Rzorzeiniz 1om

After amorphization, precipitate disso-
lution is accelerated, as illustrated in Figs.
7-19B, C, and D. A serrated interface is
formed as the precipitates dissolve, indi-
cating cither a dissolution of the precipi-
tate along preferential directions (Yang,
1989), or a minimization of interfacial en-
ergy by faceting.

After precipitate dissolution, and post
irradiation annealing, Fe and Cr reprecipi-
tate in the matrix, forming Cr-rich precipi-
tates close to the original particle, and iron
rich precipitates further away. This il-
lustrates the difference in mobility of
those two elements in Zr, mentioned in
Sec. 7.2.3.2. It is possible that some of the
Fe and Cr remains in solid solution.

Although precipitate dissolution may be
accelerated by the amorphous transforma-
tion, it also happens under neutron irradi-
ation at higher temperatures, where amor-
phization does not occur, so amorph-
ization is not a precondition for dissolu-
tion.

There have been reports of irradia-
tion induced precipitation and dissolution
of other types of precipitates in zirconium
alloys. ZrSnFe precipitates have been
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found in Excel alloys (Zr-3.5% Sn-1.9%
Nb-1.0% Mo) following neutron irradia-
tion to 1.5x10%°n-m~ 2 at 690 K (Grif-
fiths,1988). This was paralleled by the ob-
servauon . , wvoo and carpen .er . &/
ZrsSny --eci~itates in  Zirce dy-2 fol-
lowing radi:t' . n to 74x 0*n-~"2
(>1 MeV) at 875 K (total dose about
3 dpa). These last precipitates were later
found to be associated with Fe. Also in
Zr-2.5% Nb, the Fe-rich [ phase loses its
Fe to the o r:ase, and extersive precipi...-
tion of (nez-sized N*» rich precipitates -
the o phase has been reported as a resvit
(Coleman et al., 1981). This is shown in
Fig. 7-20.

Outside irradiation, by contrast, the p
phase decomposes under thermal anneal-
ing to a mixture of Zr-86% Nb and the
intermetallic (Zr, Nb),(Fe, Cr).

Second phase redissolution and redistri-
Jution of alloying elements, can have im-
portant consequences for irradiation
growth and corrosion resistance, as ex-
plained below and in Sec. 7.3.2.

Flg -e7-7" ‘recinlatl
awrptiretion and s -
aornde rerctron irradi
tton (courtesy of W. 1. S.
Yang. GE). (A) The duplex
structure 1n a Zr(Cr, FE),
precipitate in Zircaloy-4 ir-

—2

radiated to 5x 10?°n m~?
at 561 K, showing a crys-
wisl o talline core surro:zZed by
I an amorphous layer. Iron
is depleted in the amor-
phous layer (B), C), a~u
(D): Zr (Cr, Fe), precipitate
! dissolution along preferen-
| tial crystallographic direc-
tions after irradiation to
14.7x10*°n - m~2 The in-
ter ~ce faceting is arrowed
L (8).

7.3.1.4 Irr=""=.2= Growth

Irradiation growth refers to the dimen-
sional changes at constant volume of an
GOSIIESSeu Me € iw we Bl w0l Vaid aus
leris, 1988). For Zr single crystals, irradia-
“on growth consists ol an expansion along
the g-direction, and corresponding con-
traction along the c-axis.

In polycrystalline materials the situation
is more complex, since grain boundaries
can act as “izsed sizhs for peiat defects, so
i g~ sFope ar | ~rientation play a
large role. Usu.lly, however, growth be-
havior of -olycrystailne materizl; also
consists, of expansion along the g-direc-
tion and contraction along the c-axis. As
noted in Sec. 7.2.3.3, the fabrication pro-
cess of Zr alloy components induces a tex-
ture. For Zircaloy cladding tubes, prism
planes are preferentially aligned perpen-
dicular to the axial (longitudinal) direc-
tion, which means that irradiation growth
causes the axial length to increase and the
cladding diameter and thickness to dimin-



ish. Besides the possibility of failure by
bowing in restricted rods (Franklin and
Adamson, 1987, this has an ~ 1pact on
design and safety, the growth distortions
setting operational burnup limits.

A considerable amount of experimental
data has been gathered on this phenom-
enon (Rogerson, 1988), which will be brief-
ly summarized here. Irradiation growth is
influenced by microstructural variables
such as amount of cold work, residual
stresses and alloying additions, as well as
by irradiation variables such as flux and
temperature.

Figure 7-21 shows the influence of cold
work and temperature on irradiation
growth (Adamson, 1977). The growth
strain in cold-worked material follows in
general a constant linear slope with flu-
ence, which is higher at higher tempera-
tures. Annealed material has considerably
lower strain rates, at least in the initial part
of irradiation exposure. However, after a

Figure 7-20. B-Nb precipi-
tation tn the » phase of
Excel alloy tmicrograph
courtesy of R W Gilbert,
AECL, Chalk River)
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Figure 7-21. Growth strain versus fluence for differ-
ent amounts of cold work, at several irradiation tem-
peratures from Rogerson (1988). The dashed lines
show the growth strain for cold-worked (CW) mate-
rial: the strain 1s nearly linear with fluence and in-
creases with temperature. The solid lines show the
growth strain for annealed material: the growth rates
are noticeably smaller than in cold-worked material,
and also increase with temperature. After the “break-
away” fluence, growth rates in annealed materia’
are comparable to those of cold-worked material.
“Breakaway” growth in annealed materials has been
linked to the development at that fluence of {¢)-com-
ponent dislocations (see Fig. 7-18).
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values observed in cold worked materials
(Fidleris, 1988). The observation of break-
away growth has been linked to the devel-
opment of {¢)>-component dislocations
(Holt and Gilbert, 1983, 1986).

In general, when a high dislocation den-
sity exists, 1t dominates the growth behav-
1or, which is then linear and steady state.
According to rate theory (Wiedersich,
1972), this corresponds to a sink-domi-
nated regime, where most of the defects
created are lost to sinks, in this case dislo-
cations. Transient behavior is observed in
annealed materials or at the start of irradi-

tion. When breakaway occurs, the ob-

served grc vth ruties are characteristic of
a sink-dominated regime, as seen in Fig.
7-21.

Alloying elements can also have an ef-
fect on the growth rates. It has been sug-
gested (Griffiths, 1988) that impurity ele-
ments, including Fe, stabilize embryo {¢)-
component loops, enabling the develop-
ment of {¢)-component dislocations re-
ferred to above. As noted in Sec. 7.2.3.2,
iron enhances Zr self diffusion, which is
another possible mechanism of enhancing
growth, by enhancing point defect motion
to dislocations. The influence of Sn has
been measured by Zee et al. (1984): it was
found that Zr-0.1% Sn grows consider-
ably more than Zr-1.5% Sn. It is possible
that this is a consequence of iron atom
trapping by Sn atoms, thereby precluding
Fe from enhancing growth. Recently, a
new group of alloys with low Sn content,
notably Zirlo (Boman et al., 1991) and the
Russian alloy Zr 1% Nb 1% Sn 0.4% Fe
Nikulina et al., 1993) have shown notice-
ably reduced irradiation growth.

[rradiation growth is due to the parti-
tioning of interstitials and vacancies to dif-
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cold-work or ir~ 1 *on-induced d:s ~ca-
tions of “a> or {¢) or {c+a) character,
and grain boundaries of different orienta-
tions. One example is the formation of ei-
ther interstitial loops on {a)-planes or va-
cancy loops on <{¢) and {c¢+a)-planes, or
both, as initially proposed by Buckley
(1961). Buckley’s original model gave

§ oc1—3E (7-1)

where €, is the strain rate due to growth in
direction x and F, is the resolved fraction
of basal planes in the direction x. Since
basal loops were initially not observed in
irradiated material, alternative models
were proposed that included other vacancy
sinks such as grain boundaries (Carpen-
ter and Northwood, 1975), or considered
the effect of anisotropic defect migration
(Woo, 1988).

Holt (1988) has presented a rate theory
calculation that includes anisotropic point
defect migration, texture effects, and all
the point defect sinks proposed in previous
models. It is found that growth in cold
worked samples can be explained by a par-
titioning of vacancies to {c¢+a)-network
dislocations and interstitials to {a)-type
dislocations, while the accelerated growth
observed in annealed material is due to the
partitioning of vacancies to newly formed
{cy-type loops and interstitials to {a)-type
loops. In order to rationalize the linear
growth rate at 350 K, a vacancy migration
energy less than 0.7 eV is necessary, as ini-
tially shown by Buckley et al. (1980). This
supports the Fe-enhanced vacancy migra-
tion mechanism mentioned in Sec. 7.2.3.2.
Holt was also able to explain the simulta-
neous contraction along the longitudinal
and transverse directions observed in some
specimens as a grain size effect, opera-
tional when grain size falls below 1 um in
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highly oriented grains. The parameters ad-
justed to the behavior of Zircaloy were
then used to successfully predict the
growth of Zr-2.5% Nb (Holt and Fleck,
1991).

7.3.1.5 Irradiation Creep

Irradiation creep refers to the slow de-
formation under an external stress, experi-
enced by a material under irradiation. In
anisotropic materials, such as Zr, creep has
always to be separated from growth in ex-
perimental situations. A convenient way to
do this is to assume that creep and growth
are linearly additive and define the irradia-
tion creep strain as the additional strain
that results when the deformation process
takes place under an external stress. The
creep strain is then the total strain minus
the growth strain.

As shown in Fig. 7-22, the creep defor-
mation rate of Zr alloys is increased under
neutron flux. Due to the objective of using
Zr alloys in reactor, this phenomenon has
been subject to a large amount of experi-
mental work, reviewed by Fidleris (1988),
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Figure 7-22. Diametral creep of RX Zircaloy under
internal pressure (330 °C, g,, =150 MPa). The irradia-
tion affects both the primary and the secondary creep,
and the creep rate is increased in proportion to the
dose rate.

in order to improve the knowledge of the
parameters that control creep. Some of
this work has been performed in materials
test reactors, and some during detailed ex-
aminations of the behavior of structural
material in power reactors. The experi-
mental procedures used for those analyses,
are based upon pressurized tube expan-
sion, stress relaxation measurements of
thin plates, tensile testing or shear testing
(i.e., springs loaded in tension). The last
method is a specific experiment designed
to analyze the pure creep behavior. For
example, Causey et al. (1984) were able to
derive a contribution of about 30% <{c+a)
slip on the 1/3 (1123} {1011} system in ad-
dition to the classical {a)-type basal slip
by testing Zr-2.5 Nb in pure shear usin,
compressed helical springs or twisted tubes
at 573 K. They also showed a weak depen-
dence of creep rate on dislocation density.
Irradiation creep in Zircaloy-2 is aniso-
tropic and dependent on texture as shown
by Harbottle (1978).

For practical purposes and for the lim-
ited range of operating parameters, the ir-
radiation creep strain rate may be de-
scribed accurately with a simple equation
of the form:

E=A - (B1)"- g"- e YRT) (7-2)

where the effect of flux, stress and temper-
ature can be separated. The usual values of
those exponents are m=0.6 to 1, n close to
1. The fact that n is close to 1 means that
large creep strains can be sustained with-
out failure. The activation energy, Q, is
low, in the range of 5to 15kJ - mol ™1, i.e.,
0.05to 0.16 eV - at™ ' (Franklin, 1982).
The task of finding a mechanistic model
that explains irradiation creep in Zr alloys
is a daunting one, in view of the complexit
of the alloy, its inherent single-crystal and
texture anisotropy, and the effect of the
irradiation field. For example, since void
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irradiation creep and void swelling (Brails-
ford and Bullough, 1972), cannot be used
for Zr alloy .. "= addition, =rany of the pa-
rameters needed for mechanistic models,
such as defect—defect interactions, are not
known for Zr, further complicating the en-
deavor.

Matthews and Finnis (1988) recently re-
viewed the literature on mechanisms of ir-
radiation creep. It is thought that defor-
mation during irradiation creep occurs by
a combir *ion of dislocation climb and
glide, the climb being controlled by the
stress-modi.ied absorption of point defects
at dislocations. According to the so-called
SIPA (stress induced preferential absorp-
tion) mechanism (Bullough and Willis,
1975), dislocations that have their Burgers
vectors parallel to the applied uniaxial
stress, preferentially annihilate interstitials
than vacancies, leading to dimensional
changes wue .~ wne dislocat.on ¢.'mb itself
and to the subsequent dislocation glide
(Woo, 1979). Matthews and Finnis (1988),
analyzing the possible origins for SIPA
conclude that the elastodiffusion model
proposed by Woo (1984) is the strongest
candidate, since it is a first-order effect,
involving the migration anisotropy of in-
terstitials in an applied stress field.

The climb-assisted glide (I-creep) and
SIPA mechanisms have recently been em-
ployed by Woo et al. (1990) to derive ana-
lytic expressions of their contribution to
the single crystal stress compliance tensor
and used a self-consistent mode] that treats
each grain as an inclusion embedded in an
anisotropic medium, for deriving expres-
sions that relate the polycrystalline creep
compliance tensor with that of a single
crystal. Using a self consistent model, and
a numerical technique, and using the ana-
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dal and prismatic slip systems to the total
strain in Zircaloy-2 and Zr-2.5% Nb. It
was concluded that {a)-type dislocations
account for over 90% of the total strain.

The question of the influence of the mi-
crostructure is far from being resolved.
Microstructural features that appear to in-
fluence creep are the grain shape (in the
case of two-phase material the distribution
of the B phase), and the dislocation struc-
ture. For example, when the grain size 1s
relatively fine, the stress-induced aniso-
tropic diffusion to grain boundaries can
contribute ¢iznificantly to :ze creep rate.
Until the contribution of different mecha-
nisms as a function of the microstructural
features of the material is assessed, irradia-
tion creep cannot be analyzed on the basis
of a single creep mechanism.
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7.3.1.6 Changes in Mechanical Behavior

Ducto. rRighccucen iwion o dilects
produced by neutron irradiation (point de-
fects, dislocations), dislocation slip is in-
hibited and thus the yield strength in-
creases after irradiation. This effect is
rapidly saturated at a fluence which varies
with irradiation temperature. For power
reactors, the increase of the yield strength
(YS) or UTS saturates above about 5 x
10?* to 10?° n m~ 2. This saturation value
is the same for both SR and RX Zircaloys.
This i1s due to the fact that the initial mi-
crostructure no longer controls the defor-
mation mechanisms. The increased density
of dislocation loops controls the critical
shear stress for dislocation glide. Since the
increase in loop concentration under neu-
tron irradiation saturates rapidly due to
overlap of absorption volumes for intersti-
tials and vacancies, the increase in yield
strength saturates as well.
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both the uniform e >-gation (thr~igh a
reduction of the strain hardening expo-
nent), and the total elongation, decreasing
from about 20% to 2—4% (Morize, 1984).
This effect is clearly illustrated in Fig. 7-23
from Price and Richinson (1978).
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7.3.1.7 Charged-Particle Irradiation

For the sake of completeness, the use of
charged-particles (electrons and ions) for
experimental and theoretical studies of ir-
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Figure 7-23. Effect of irradiation on the mechanical
properties: {a) Due to defect build-up, the yield
strength (YS) and fracture strength increase with dose,
but the effect saturates at about 10?# n - m ™~ ? (dashed
lines: 10% cold worked, solid lines: annealed yield
strength). (b) The same effect occurs on ductility. In
the case of cold worked material, the initial high dis-
location density masks the effect of irradiation.
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irradia‘ion ef ects with ¢' irgea particles is
several fold: firstly, because their disy ace-
ment rates are orders of magnitude higher
than under neutron irradiation, equivalent
doses in dpa are achieved correspondingly
faster; secondly, the effect of experimental
variables such as temperature, particle
type and dose rate can be studied with rel-
ative ease, and, finally, the irradiated sam-
ples are usually not radioactive, making
them much easier to handle.

In general, neither the results obtained
in such experiments have a one-to-one cor-
respondence with the results from neutron
irradiation nor should such close corre-
spondence be expected in principle, as the
irradiations are quite different. Electron ir-
radiation differs from neutron irradiation
both in the absence of collision cascades,
and in that the electron beam is focused,
causing a much higher electron flux and
displacement rate. For ion irradiation, the
principal difference is that the rate of ion
energy loss per unit target thickness is
much higher than that for neutron irradia-
tion, which causes only a relatively thin
layer close to the surface to be irradiated,
albeit at a much higher dose rate. Since
irradiation effects are dependent on the
balance between irradiation damage and
thermal annealing, any shift in the dis-
placement rate can affect the observed ef-
fects. Also, bulk effects of neutron irradia-
tion, such as irradiation-induced creep and
growth, and irradiation hardening are dif-
ficult to study with near-surface irradia-
tion. If, however, the characteristics of
each type of irradiation are taken into ac-
count, then charged-particle irradiation
can provide valuable information on the
mechanisms of irradiation damage and mi-
crostructural evolution, which can be ap-
plied to neutron irradiation.

Soout
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Extensive studies of microchemical evolu-
tion in Zircaloy-2 and Zircaloy-4 under
proton irradiation have been performed by
Kai et al. (1990, 1992). It was found that
proton irradiation may induce variations
in the chemical composition of intermetal-
lic precipitates and increase the solute con-
tent in the matrix. These changes appear to
increase the nodular corrosion resistance
of the alloy. Other investigations of the
effect of irradiation on uniform oxidation
in Zircaloy-2 and 4 have been conducted
by Pécheur et al. (1992) and are reported in
Sec. 7.3.2.

Irradiation-induced segregation and pre-
cipitation has been observed in at least two
different circumstances. Cann et al. (1992)
have observed that 3.6 MeV proton irradi-
ation of annealed Zr-2.5 Nb at 720 K-
770 K to 0.94 dpa causes a fine dispersion
of Nb-rich platelike precipitates to appear
within the o grains that is absent upon
equivalent heat treatment of a control
sample, in agreement with the neutron ir-
radiation results of Coleman et al. (1981),
reported in Sec. 7.3.1.3. Segregation of tin
and precipitation as B-Sn at the surface of
thin Zircaloy-2 foils has also been reported
after 5.5 MeV proton irradiation to 1dpa
at 350 K (Motta et al., 1992), a result that
has not been observed after neutron irradi-
ation of calandria tubes at equivalent tem-
peratures.

Amorphization of intermetallic precipi-
tates in Zircaloy-2 and 4 under charged
particle irradiation has been extensively
studied, both experimentally (Motta et al.,
1989; Lefebvre and Lemaignan, 1989), and

eoretically (Motta and Olander, 1990).
The critical temperature for amorphiza-
tion of Zr(Cr,Fe), precipitates under elec-
tron irradiation was found to be 300 K

Ar ion i rac'gi on, « woug  he criical
toooerettoe was similar 1o tat v ler neu-
tron irradiation, the transformation mor-
phology was quite different, amorphiza-
tion no longer starting at the precipitate
matrix interface.

As mentioned above, bulk effects such
as irradiation creep and growth and hard-
ening, are more difficult to simulate with
charged particle irradiation, but some at-
tempts have been made, especially in
the area of irradiation creep and growth.
Parsons and Hoelke (1989) developed a
“cantilever’” beam method, which relates
the irradiation-induced creep and growth
of a cantilevered Zr beam to its deflection
when exposed on one side to 100 keV Ne
1on irradiation. The results of the experi-
ment differed from those of neutron irradi-
ation, but no detailed modeling effort has
been undertaken as yet to rationalize the
differences.

When both bulk and near-surface irradi-
ation can be understood in terms of the
atomic level mechanisms, then neutron ir-
radiation can be simulated with charged
particle irradiation. For example, forma-
tion of voids under electron irradiation
was observed in a Zr sample that had been
previously charged with He (Faulkner and
Woo, 1980), and dislocation loop forma-
tion can be studied with electron irradia-
tion (Woo et al., 1992). This last study inci-
dentally, supported the idea that micro-
structural evolution in Zr alloys is affected
by the large diffusion anisotropy, as men-
tioned in Sec.7.2.3: irradiation-induced
voids changed their shape under electron
irradiation, preferentially shrinking in the
{a)-direction, the expected direction of ar-
rival of the interstitial flux.
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7.3.2.1 General Corroci-= Behaviz-

Zr alloys are highly resistant to corro-
ston in common media and are used for
that reason in the chemical industry (Tri-
cot, 1989). Those alloys are however not
immune to oxidation and in the high
temperature water environment found in
a power reactor (280-340°C at 10-15
MPa), corrosion and hydriding controls
the design life of fuel rods and other com-
ponents. Several international meetings
have been organized to discuss this impor-
tant design parameter, the latest ones hav-
ing been reviewed by Franklin and Lang
(1991).

In the early stages, a thin compact black
oxide film develops that is protective and
inhibits further oxidation. This dense layer
of zircomia is rich in the tetragonal al-
lotropic form, a phase normally stable at
high pressure and temperature. As de-
scribed in Fig. 7-24, the growth of the ox-
ide layer thickness d, follows a power law,
usually described by a quadratic relation-
ship

doc\ﬂ
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(1.35eV-a. ) -corros o ir ;he dense
ox‘de regime (B*"ot et al., 1989) is equ’va-
lent to activation of the diffusion of oxy-
gen in zirconia (Smith, 1969). Oxygen is
considered to diffuse from the free surface
of the oxide as O%~, by a vacancy mecha-
nism through the zirconia layer, and to
react with the zirconium at the matrix—ox-
ide interface, but recent studies support the
fact that those ions diffuse mostly through
grain boundaries (Godlewski et al., 1991).

For very thin oxide layers, the zirconia
grows in epitaxy on the metallic zirconium
{(Ploc, 1983). The Pilling—Bedworth ratio,
or ratio of the oxide volume to the parent
metal volume, is equal to 1.56 for zirconia.
Thus as the oxide grows, the stress buildu
due to the volume expansion associated
with oxidation induces a preferential oxide
orientation that reduces the compressive
stresses in the plane of the surface (David
et al., 1971). This gives rise to various fi-
brous textures. Those compressive stresses
are one of the uctors .Iat expiw.n the sta-
bilization of the tetragonal form of zirco-
nia in this layer. A chemical effect of the
alloying elements could also be invoked to
explain that stabilization.

200 T T T I T T

Figure 7-24. Uniform corrosion

| behavior of Zircaloy-4 in water at
— 633 K. The oxide thickness fol-

b lows a power law up to a transi-
tion (1.5 to 2 mm thickness) and
then remains linear. The metallur-
gical state of the material allects
also the corrosion rate (Clayton
and Fisher, 1985).
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the metal limits the compression in the ox-
ide. The tetragonal phase becomes un-
stable and the oxide transforms to a mon-
oclinic form (Godlewski et al., 1991). This
martensitic-type transformation is associ-
ated with the development of a very fine
interconnected porosity that allows the ox-
idizing water to access closer to the corro-
sion interface (Cox, 1969). The size of
those pores has been measured to be very
small: Cox (1968) has used a modified mer-
cury poros.meter to determine pore sizes
smaller .22 2 nm. His work has been con-

irmed by nitrogen absorption kinetics to
pore sizes s 2r t-an 1 .., correspond-
ing to a volume fraction of the order of
1% (Ramasubramanian, 1991). Once this
transition has occurred, only a portion of
the oxide layer remains protective. The
corrosion kinetics are therefore controlled
by diirusion ». oxygen only L.:rough the
dense protective oxide layer next to the
metal substrate. Since the thickness of this
layer remains constant, in the range of
1 um (Garzarolli et al., 1991), the corro-
sion rate is constant after this transition
(Fig. 7-24).

In this dense oxide layer the structure of
the zirconia, which controls the posttransi-
tion corrosion kinetics, is complex and still
under discussion. Starting from the metal-
oxide interface, a very thin layer of amor-
phous oxide has been reported under par-
ticular conditions, about 10 nm in thick-
ness (Warr et al., 1991). The existence of
epitaxy shows that this layer, if present,
should not be continuous. It is followed by

. zone of very small zirconia crystallites,
10—-20 nm, that become larger in diameter
and columnar in shape further into the ox-
ide layer (Bradley and Perkins, 1989).

I
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waler, and giving rise to a much thinner
oxide film. On the one hand, this process
could be beneficial since it reduces the
metal-oxide interface temperature, which
1s the parameter controlling oxidation ki-
netics. However, design considerations on
remaining cladding thickness after oxida-
tion does not allow for massive spalling in
commercial reactors. Other undesirable
consequences of spalling are the buildup of
activity in the coolant and safety consider-
ations, since those particles can interfere
with the functioning of valves.

In BWRs, as shown in Fig. 7-25, nodu-
lar corrosion is the limiting design consid-
eration. This behior, speci©c to the boil-
ing water reactor, can be reproduced by
testing alloys in steam at 500°C (Schemel,
1987). Several mechanisms have been pro-
posed for the nucleation of those nodules,
leading to various possible sites for nodule
nucleation: metallic matrix grain bound-
aries, local rupture of the continuous dense
oxide at an early stage of growth, local
variations in composition and precipitate
densities or crystallographic orientation of
clusters of grains (Charquet et al., 1989 b;
Ramasubramanian, 1989). As the corro-
sion progresses, the nodules grow in size
and thickness and their number density
increases leading to a complete coverage
of the metal. The B quench structure de-
scribed in Sec. 7.2.2.2 significantly im-
proves the resistance of Zircaloy-4 to
nodular corrosion, however as higher bur-
nups are reached uniform corrosion could
then become a problem.

7.3.2.2 Oxidation of the Precipitates

Since most of the metallic alloying ele-
ments present in Zircaloys are added for
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Figure 7-25. (a) Typical aspect of nodular corrosion
of Zircaloy-4 obtained in a 500°C steam test. (b)
Higher magnification of a cracked nodule in Zirca-
loy-4, obtained during a 10.3 MPa steam test at
500°C for 25 h, showing the extensive oxide cracking
associated with the process. In addition to circum-
ferential cracks in the flanks of the nodules, a vertical
crack can also be seen running between the nodules
[Courtesy of NFIR (Nuclear Fuel Industry Research
Group)]. (c) Greater detail of the nodule, showing that
the upper portion of the nodule consists of a series of
parallel, cracked, oxide layers (Courtesy of NFIR).
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anism of their inte action with = e oxida-
tion front is of great importance. Due to
the fine structure of the precipiltates no
specific observation of this process was
available until recently, when a few studies
have been performed using advanced
STEM. It was shown that the precipitates
are incorporated in metallic form into the
oxide layer, and oxidize only afterwards.
deeper into the oxide layer. In particular,
iron has been shown to remain unoxidized
in the dense oxide layer (Garzarolli et al..
1991: Pécheur etal.. 1992). The precipi-
lates slowly release part of their iron in the
oxidized matrix so oxide chemistry
changes as the oxidation proceeds. It is
found that the oxidation of iron coincide.
with the oxide transition from tetragonal
to monoclinic.

Also, some of the crystalline intermetal-
lic precipitates are found to be amorphous
after incorporation into the oxide layer
(Pécheur et al., 1992). This transformation
is not caused by irradiation since those are
also observed in nonirradiated oxidized
material. The crystal-to-amorphous trans-
formation in the oxide layer could be
caused by changes in chemistry, notably
hydrogen intake (the nearest neighbor dis-
tance in the amorphous phase is bigger
than in the corresponding precipitates
amorphized by irradiation in the Zr ma-
trix).

The effect of the release of iron in the
oxide is still under consideration. A corre-
lation has been found between the oxida-
tion of the precipitates and the tetragonal-
to-monoclinic transformation of the zirco-
nia, but without clear knowledge of its
origin (Godlewski et al., 1991). A chemical
effect on the stabilization of the tetragona
phase of the oxide may be present.

An additional point is the role played by
the precipitates as possible short circuits



for the electron current in the oxide film.
In order to balance the charges trans-
ported by the O?~ ions across the film,
electrons have to flow from the metal to
the water. As zirconia is a good insulator,
metallic precipitates could enhance this
flow and be sites of preferential corrosion,
a process considered for nodule nucleation
(Cox, 1989).

A full description of the role played by
the precipitates in the oxidation process is
still not available. To date only partial, and
often unexplained, observations have been
made. For instance, a surprising observa-
tion is the opposite impact of precipitate
size on corrosion rate in PWR’s and
BWR’s as reported by Garzarolli and
stehle (1986). As seen in Fig. 7-26, the best
microstructure for resisting localized cor-
rosion in a BWR consists of fine precipi-
tates (diameter below 0.15 pum ), whilst in
PWR’s, precipitates smaller than 0.1 um
increase the uniform corrosion rate.

7.3.2.3 Water Radiolysis

The interaction of irradiation particles
(neutron, gamma, beta) with the coolant
water leads to the formation of radiolytic
oxidizing species, that are assumed to be
responsible for the large increase in corro-
sion rate of Zr alloys in reactor, compared
to similar out-of-reactor conditions.

Water radiolysis in the reactor core has
been analyzed in great detail with the ob-
jective of knowing the steady state concen-
tration of the radiolytic species during irra-
diation and their possible effect upon the
zirconium corrosion rate (e.g., Burns and
Moore, 1976). The main process of radiol-
ysis is an instantaneous decomposition of
he water molecules by interaction with the
electrons in spurs (small volume of high
interaction along the path of the electron),
giving birth to metastable species that re-
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Figure 7-26. Influence of precipitate size on localized
and uniform corrosion: The optimal microstructure
for corrosion resistance is strongly dependent on cor-
rosion conditions (Garzarolli and Stehle, 1986).

combine in a large variety of possible
ways. The complexity of the recombina-
tion reactions can be illustrated by the
large number (35 to 40) of reactions to be
considered, each with its own rate. The
concentrations of the intermediate and fi-
nal products depend strongly on irradia-
tion rate and initial conditions and there-
fore, local changes in irradiation intensity
lead to drastic changes in the concentra-
tions of radiolytic species. Some species
appear for very short times as intermediate
steps to long-lived species (Lukas, 1988).
Computer programs are thus used for the
computation of the evolution of those spe-
cies versus initial chemical and irradiation
conditions (Buxton and Elliott, 1991).
One way to decrease the build-up of ox-
1dizing radiolysis products is to add hydro-
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gen to the cooling water. Then a general
reduction of stable radiolytic species oc-
curs and a reduction in corrosion rate of
thin oxide ensues. However this effect is
not as efficient in boiling conditions com-
pared to pressurized ones, due to the segre-
gation of H, in the steam phase (Ishigure
et al., 1987).

Radiolytic enhancement of corrosion
can also occur in the case of PWR’s, in
post transition thick oxide films, or during
corrosion testing of coupon specimens in a
reactor corrosion loop. There, although no
steam is expected to be present, the water
chemistry in the pores of the thick oxide
should be much like that present in BWRs,
i.e., a two-phase regime (Johnson, 1989).

Some particular cases of localized corro-
sion enhancement have recently been
linked to an increase in metastable oxidiz-
ing species due to B- radiolysis. The irradi-
ation enhancement of corrosion is well ob-
served for thick oxide films, where a three-
to four-fold enhancement is commonly
seen (Marlowe et al., 1985).

The reported occurrences are character-
ized by the presence of dissimilar materials
in the vicinity of the corroding material.
As recently reviewed, enhanced corrosion
has been observed in front of stainless
steel, copper cruds, platinum inserts and in
the case of gadolinia bearing poison rods
(Lemaignan, 1992). In all the reported
cases, strong [} emitters are present and the
local energy deposition rates of those par-
ticles within the coolant are much larger
than the bulk radiolysis contribution due
to the neutrons and gammas. Thus, in
reactor, the local intensity of the radiolysis
has to be considered, as it will change the
local chemistry for alloy corrosion.

In addition to the radiolysis described
above, corresponding to chemical evolu-
tion by reaction in the bulk, specific con-
siderations should be given to the fact that

the pores have a large surface to volume
ratio, leading to additional reactions at the
surface of the pores, instead of a recombi-
nation between them as in the bulk. For
instance, the H,O, molecules can be ad-
sorbed on the surface of the pores leading
to the reaction:

H202 - Hoads. + Hoads.

instead of recombining in two steps with
2 H as the standard back reaction to water
after radiolysis. This leads to a higher oxy-
gen potential at the surface of the ZrO,,
giving a higher corrosion rate.

7.3.2.4 Hydrogen Pickup

During oxidation of Zr alloy compo-
nents in reactors or in autoclaves, the re-
duction of water by the Zr alloy follows
the general reaction scheme:

2H,0+Zr - ZrO0, +4H"

As described above, the reaction pro-
ceeds in several steps and the oxidation
progresses at the metal-oxide interface by
diffusion of O?~ ions through the oxide.
The reduction of the water molecules at
the coolant—oxide interface releases hy-
drogen as radicals H*. They are chemi-
cally adsorbed at the tips of the oxide
pores and their evolution controls the
behavior of the hydrogen. Most of them
recombine, creating hydrogen molecules
that escape through the pore and dissolve
into the coolant. A limited amount can
ingress in the oxide and diffuse through to
the metallic matrix and then react with Zr
for the formation of hydrides, when the
terminal solid solubility is exceeded. Cor-
rosion experiments performed using tri
tium-doped water have shown that the H
dissolved in the coolant is not trapped by
the matrix, but that radicals obtained dur-



ing the reduction of water are necessary for
hydrogen pick-up (Cox and Roy, 1965).

The diffusion coefficient of H in ZrO,
has been measured with difficulty because
of its very low value and because of the
contribution of grain boundary diffusion
and surface diffusion to diffusion in the
pores of the oxide. Recent measurements
by Khatamian and Manchester (1989)
have confirmed earlier results in the range
of 1077 to 103> m? - s~ at 400 "'C, de-
pending on the condition of measurements
and chemical composition of the alloy on
which the oxide is grown. With such low
values, the penetration of H in the oxide is
limited, and the zirconia layer is indeed
orotective with respect to H ingress.

Care should be taken not to introduce
catalyzers of the hydrogen molecule disso-
clation reaction that could enhance H
pick-up (or hydrogen uptake) — i.e., the
fraction of the hydrogen produced by re-
duction of water that is trapped into the Zr
alloy. In that regard, Ni additions are to be
avoided. This is the main reason for sup-
pression of that element in Zircaloy-4. By
reducing Ni, hydrogen pick-ups are gener-
ally in the range of 15% or less for stan-
dard PWR fuel cladding. BWR values tend
to be around 20%.

In the case of CANDU pressure tubes,
another mechanism of H pick-up has to be
considered: the H in solution within the
coolant diffuses through the stainless steel
end fittings either directly into the pressure
tube, or into the annulus gap. In the latter
case it is then in contact with the outer part
of the pressure tube. In order to avoid in-
teraction with the pressure tube, a remain-
ing ZrO, layer has to be maintained. The
size of the protective oxide is controlled
yy O dissolution into the metal (Cheadle
and Price, 1989), and therefore oxidizing
agents are added to the gas annulus to re-
plenish oxygen in the oxide layer and pre-
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vent its degradation and enhanced H
pickup (Urbanic et al., 1989) .

One of the consequences of hydrogen
ingress into Zr can be delayed hydride
cracking (DHC) (Cheadle et al., 1987). The
mechanism involves the ingress of hydro-
gen into a Zr-alloy component, its migra-
tion up a stress or thermal gradient and its
concentration in the regions of low tem-
perature or higher tensile stress. When the
local concentration exceeds the terminal
solid solubility (which happens first in
colder regions), the hydride phase precipi-
tates. As can be seen in Fig. 7-9, the termi-
nal solid solubility of H in Zr is quite low,
e.g., 80—100 ppm at 300°C. At low tem-
perature, the hydrides crack when the
stresses are high enough, the mechanism
then being repeated until failure. The con-
centration of hydrogen in a tube stressed in
bending can be seen in Fig. 7-27a, where
the variation of hydride orientation along
the tube thickness (and therefore stress
state) is shown. The inner part of the tube
is under tensile hoop stresses and the hy-
drides precipitate along radial planes,
while in the outer part of the tube hydrides
tend to precipitate along the habit plane,
i.e., a more tangential direction. Figure
7-27b shows hydride formation at the tip
of a crack due to local stress buildup. Pres-
sure tubes in the CANDU Pickering 3 and
4 reactors failed by this mechanism.

With respect to this behavior, specifica-
tions may be required on cladding or pres-
sure tube texture, usually measured by the
morphology of hydride precipitation upon
intentional addition of hydrogen.

7.3.3 Pellet-Cladding Interaction

Pellet—cladding interaction (PCI) asso-
ciated with iodine intergranular stress cor-
rosion cracking (IGSCC) 1s a mode of fuel
rod failure that has been observed after
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Figure 7-27. (a) Hydriding/D, pickup, showing stress
dependence of hydride formation. The inner part of
the tube is under tensile hoop stresses and the hy-
drides precipitate along radial planes, while in the
outer part of the tube hydrides tend to precipitate
along their habit plane, i.e., in a more tangential direc-
tion (micrograph courtesy of C. E. Coleman, AECL/
Chalk River). (b) Hydride formation at a crack tip in
Zr-2.5 Nb due to the local buildup of stresses (photo
courtesy of D. Rogers, AECL/Chalk River).

fast variations in the linear heat generatio
rate (LHGR) (i.e., the thermal power re-
leased per unit length of fuel rod, typically
15-25kW -m™1), in fuel that has under-
gone significant burn-up (BU). The first
reported observation of PCI failure on
BWRs was rapidly diagnosed as a mechan-
ical interaction between the cladding and
the UO, pellet, associated with chemical
interaction of some fission products with
the Zircaloy cladding (Rosenbaum, 1966).
This led to a spreading interest to identify
other types of reactors where this problem
may have been of concern.

This subject has been reviewed recently
by Cox (1990), see also Chap. 3. The main
mechanisms invoked to explain the failure
are described schematically in Fig. 7-28. A
combined contribution of stresses induced
by fuel pellet expansion due to LHGR in-
crease and the presence of an active corro-
sion agent, the iodine, created in the fuel
rod as fission product, induces failure by
stress corrosion cracking (SCC).

The occurrence of the problem led th
international fuel community to set up
large R& D programs. There were two
main objectives:




(1) For practical purposes, design param-
eters were analyzed on integral tests on
fuel rods:

Fuel rods of various design and irradia-
tion histories were tested in irradiation
devices of test reactors. After a short irra-
diation at the LHGR close to the one used
in the power reactor, the irradiation power
was increased at a given rate and the be-
havior of the rod was analyzed with re-
spect to its capacity to support the change
in LHGR without failure. This type of ex-
periment gives information on the maxi-
mum power allowable for a fuel rod, usu-
ally expressed as a function of the BU.
For fresh fuel rods, an open gap exists
in operation and large power changes
are acceptable: Maximum power levels
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Figure 7-28. Cladding strain induced by pellet ther-
mal expansion upon increase of linear heat generation
rate (after Levy, 1974).
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above 50kW -m~! are common. This

limit decreases slowly with BU up to

20 GW -d -t~ 1, when it stabilizes in the

range of 40-45 kW - m™!. Various exam-

ples of the testing procedures used and of
the results obtained can be found in the
proceedings of a series of IAEA specialist

meetings, e.g., IAEA (1982).

(2) For understanding mechanisms and
for remedial aspects, analytical work
was carried out in laboratories on the
basic mechanisms involved:

The analytical work was focused on the
SCC behavior of fuel cladding materials.
This aspect of the problem is discussed in
more detail here.

The stresses are induced by the thermal
expansion of the pellet during power tran-
sients. During steady state operation, the
pressure of the coolant causes the cladding
to creep down to the fuel pellet. In addi-
tion, fuel swelling at low temperature, due
to fission products, contributes to gap clo-
sure. In PWRs this phase may take a year
or two, while BWRs keep their gap open
longer.

Once the gap is closed, any change in
pellet dimension is transferred to the clad-
ding. For a standard power change, typi-
cally from 20 to 40 kW - m ™, the change
in centerline temperature induces a ther-
mal expansion of about 0.25% for each
10 kW - m~!. This strain is high enough to
induce stresses close to or above the yield
strength (Porrot et al., 1991). During the
time at which the fuel is maintained at high
power, a stress level of one half to two
thirds of the yield strength and the pres-
ence of a corrosive agent are sufficient to
initiate and propagate a crack that leads to
fuel rod failure.

In addition to iodine (I), fisston prod-
ucts such as cesium (Cs) and cadmium
(Cd) were suspected early on as candidate
corroding agents. Those elements are
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known to induce intergranular fracture of
Zr alloy by a liquid metal embrittlement
mechanism. The type of fracture surface
morphologies was a main reason for rejec-
tion of those species. On the other hand,
the higher fission yield of Cs compared to
I, introduced a discussion on the availabil-
ity of this agent for interaction with the
stressed cladding, due to the low vapor
pressure of iodine in equilibrium with solid
Csl at fuel temperature. The intense radi-
olysis due to the fission recoils in the inte-
rior of the fuel rod, has been shown to be
able to increase the effective pressure of
iodine in equilibrium with Csl to a level
where SCC has been shown to occur
(Konashi, 1984).

In order to understand the mechanisms
involved in iodine-induced SCC of zirco-
nium alloys, tests were performed on vari-
ous types of materials in different condi-
tions. The most frequent tests were either
constant load tests, where the time to fail-
ure is expressed versus the applied stress in
the iodine environment, or constant strain
rate tests, where the reduction in ductility
due to iodine is analyzed (Brunisholtz and
Lemaignan, 1987). A reduction in time or
strain to failure is observed and several
parameters have been shown to be of
importance: internal surface condition,
metallurgical state and texture of the mate-
rial.

In an early experiment performed by
Peehs et al. (1979), the effect of basal plane
orientation with respect to stress, was rec-

basal pole orientation

crack density, relative

angular distribution
of crack density

ognized to be critical: machining a tube
out of a thick Zircaloy plate, they were
able to obtain an angular variation of the
texture around this test sample. After test-
ing under iodine, the density of cracks was
found to be strongly dependent upon the
relative orientation of the basal planes.
The densities of cracks were higher when
the c¢-planes were in the direction of the
crack growth (Fig. 7-29).

To explain those results, the characteris-
tic aspect of SCC fracture surface has to be
analyzed in order to explain the mecha-
nism of rupture. Figure 7-30 shows a SEM
view of a recrystallized Zircaloy tested in
tension in iodine environment. The frac-
ture surface is transgranular and consists
mostly of large transgranular pseudo
cleavage areas where fracture occurs by
SCC interconnected by fluted walls in
which plastic deformation is evident. Crys-
tallographic analysis of the pseudo-cleav-
age areas have shown that they consist of
basal planes, while the fluted walls are lo-
cated on prismatic planes. The propaga-
tion of the SCC fracture surface on the
basal plane is enhanced by the strong de-
crease in surface free energy of this plane
when iodine is adsorbed on it (Hwang and
Han, 1989). Fluted walls are obtained by
plastic deformation on the primary slip
system to connect the different pseudo-
cleavage planes in a ductile type rupture
mode.

Due to the perpendicular directions of
the slip on the prismatic plane and of the

Figure 7-29. Density of crack developed
during an iodine SCC test of a tube ma-
chined out of a plate. Along the circum-
ference, the orientation of the {¢)-planes
changes from radial to tangential. The
cracks tend to develop when they can
grow following the c-planes (Peehs et al.,
1979).
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Figure 7-30. Fracture surface of RX Zr by SCC
cracking in iodine. The crack grows by pseudo-cleav-
age on the basal plane and those brittle areas are
connected by fluted prismatic planes on which ductile
rupture occurred.

pseudo-cleavage on the basal plane, no
plastic deformation can contribute to the
reduction of tensile stresses on this plane.
Thus the relative orientation of the basal
plane with respect to the applied tensile
stresses is a critical parameter, and the ef-
fect of the texture is remarkable. Constant
stress and fracture mechanics tests have
indeed shown that when the c-type planes
tend to be aligned with the macroscopic
crack surface, the susceptibility to SCC in-
creases (Knorr and Pelloux, 1982). For
cladding tubes, where the tensile stresses
are the hoop stresses due to the pellet ex-
pansion, the best texture corresponds to a
maximum intensity of the c-direction in
the radial direction. Figure 7-31 shows the
susceptibilities to SCC in iodine environ-
ment of a series of claddings with different
textures but processed from the same in-
got, plotted as a function of the angle be-
tween the maximum intensity of the c-
poles and the radial direction (Schuster
ind Lemaignan, 1992). It is clear that the
more the basal planes are aligned with the
radial direction, the less susceptible is the
cladding to SCC. The stress intensity fac-
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tor (Kgcc) for SCC crack growth was
found to be dependent upon the same
parameters. Measurements on different
orientation of cracks in Zircaloy plates or
crack propagation through the wall of dif-
ferent claddings gave Kigcc in the range of
3.5 to 6 MPa - m'/2. The lowest K cor-
responds to the highest orientation of the
c¢-planes in the propagation direction.
Due to the fast SCC crack growth rates
measured, in the range of 1 to 10 ym - s~ !,
the nucleation step is the longest part of
the SCC lifetime (Brunisholtz and Lemai-
gnan, 1987); therefore it controls the over-
all SCC behavior. The intermetallic precip-
itates have been suggested to be places of
crack initiation as preferential sites for
iodine corrosion (Kubo et al., 1985). An-
other action of the precipitates related to
crack initiation would be, in the case of
intergranular precipitates, the inhibition of
grain boundary sliding thereby causing a
local stress buildup which enhances crack
formation. The last mechanism to be con-
sidered is the large strain incompatibilities,
from one grain to the next one during plas-
tic deformation, found in Zr alloys, due to
the limited number of slip systems avail-
able. Due to the fact that plastic deforma-
tion on the prismatic system does not relax
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Figure 7-31. Effect of texture on SCC susceptibility in
iodine. The same alloy was used to process tubes of
different textures, and the susceptibility to I-SCC is
found to decrease for a more radial texture.
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stresses for crack formation on the basal
plane, those incompatibilities are efficient
mechanisms for crack initiation (Kubo
et al., 1985).

An early solution to the PCI problem
was to reduce the power change rates in
order to reduce the hoop stresses in the
cladding by relaxation during the loading
time. Specific procedures have been imple-
mented with success, but the drawback is a
loss of power availability, driving R & D
work to a solution obtained by fuel design.
For practical purposes, remedies have
been found and tested to avoid PCI type
failures. In the reactors most prone to this
phenomenon, advanced claddings have
been developed with success. For the
CANDU reactors, where the fuel bundle
maneuvers during on power refuelling in-
duce large local changes in LHGRs, the
“CANLUB” design consists of an inter-
nal coating of graphite in internal surface
of the cladding (Wood and Kelm, 1980).
“Barrier” fuel rods for BWRs contain an
internal layer of pure recrystallized Zr that
is coextruded with the Trex and cold rolled
with the base Zircaloy metal to obtain a
perfect metallurgical bond (Rosenbaum et
al., 1987).

7.4 Challenges

At the end of this review of the current
knowledge of the behavior of Zr alloys for
nuclear application, it may be of interest to
list some open questions for a better un-
derstanding of the physical mechanism in-
volved in specific properties. Indeed al-
though the use of Zr alloys has proven a
good engineering solution, several proper-
ties are still subject to a poor scientific un-
derstanding of their origins. Among them,
the following topics, related to deforma-
tion, point defects and corrosion, can be

proposed for further basic work:

e Due to the high anisotropy of the Zr

matrix, and the limited number of de-
formation systems available, thermo-
mechanical processing gives rise to the
textures described in Sec.7.2.3.3. Al-
though the texture obtained after a
given thermo-mechanical processing
route is well known, its accurate predic-
tion is impossible today for a new alloy
or a major change in processing. Im-
provement in the understanding of the
deformation of Zr alloys could be fo-
cused on the different shear and twin
systems active as a function of tempera-
ture, stress distribution, alloy composi-
tion and structure, irradiation fluence.
The knowledge of the critical shea.
stresses for their activation is extremely
limited. If well measured, a consequence
would be a better evaluation of the local
strain during plastic deformation or
thermal treatments (e.g., strain incom-
patibility, local crystal rotation, texture
development). In addition the interac-
tion of the cold-work dislocations with
the irradiation defects is probably re-
sponsible for the reduction of strain an-
isotropy after irradiation, by activation
of new slip systems. This has to be ana-
lyzed.
In connection with in-reactor deforma-
tion, the growth phenomenon is one of
the limiting design considerations of the
structural components. The reason for
the occurrence of the {¢)-type disloca-
tions after a fluence of 3 x 10> n-m~?
and their impact on growth, is still an
open question, the contribution of mi-
nor alloying eclements in stabilizing
those dislocations being suspected. De-
tailed understanding of this process i
highly desirable.

e In the field of point defects, one should
consider the alloying elements in solid



solution and irradiation-induced point
defects. The complex diffusion behavior
of the foreign atoms, either in substitu-
tion or as interstitials, leads one to sus-
pect many cases of solute—defect inter-
action, giving rise to irradiation induced
segregation or accelerated diffusion.
With respect to that behavior, the cur-
rent effort to compute the formation
and migration energies of different de-
fect configurations involving one or sev-
eral atoms, using molecular dynamics
and to obtain experimental data on
point defect energies and mobilities
should be continued. In particular, the
anisotropy of diffusion is an important
parameter for irradiation growth and
creep behavior.

e For corrosion, although a general
scheme of the phase transformation in
the zirconia responsible for the transi-
tion is available, the details of the mech-
anisms are still to be described accu-
rately. In particular, the effect of alloy-
ing elements and their distribution in
the Zr matrix is of importance. The lo-
calized corrosion rate enhancement un-
der irradiation can be correlated to local
radiolysis due to B flux, but a quanti-
tative model is still unavailable. In the
same area, in order to reduce the hydro-
gen pick-up during corrosion, the pro-
cess should be studied in more detail,
in particular the transport mechanism
through the zirconia film.

Zirconium alloys are paralleled only by
steels in the large amount of irradiation
data available. However, their irradiation
behavior is more complex than that of
stainless steel, due to the anisotropy of the

.c.p. Zr and to the behavior of the alloy-
ing elements. The increasing amount of ba-
sic data available leads to the hope that the
prediction of the in-reactor behavior will
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soon come from mechanistic models based
on a more fundamental understanding of
the processes involved, rather than from
empirical correlations.
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