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ABSTRACT

A two part experimental research program is conducted to invest-
igate the effect of several materials variables on the initiation and
propagation of stress corrosion cracks (SCC) in Zircaloy in &an iodine
environment. TFracture mec ics crack propagation specimens (double
cantilever beam) are machined from several directions in textured Zircaloy
plate, pre-notched or fatigue precracked, and loaded to constant initial
displacement. Stress corrosion cracks propagate to crack arrest in a
flowing Ar + 4 Pa I, gas stream at 300°C. Stress intensity at crack
arrest, KIq c’ is cilculated, and fracture surfaces are examined. The
variables égudied are microstructure as determined by heat treatment and
crystallographic texture.

Internal gas pressurization tests on reactor grade cladding tubes
from two separate suppliers are done in an environment of Ar and a small
quantity of iodine at 320°C with several tests conducted at 390°C. Hoop
stress versus time to fallure is measured, and fracture features are
analyzed. The materials variables considered are crystallographic texture,
ID surface condition, and hoop residual stress.

The tests on fracture mechanics specimens show that crystallographic
texture has a strong influence on KISCC' KI e is lowest when a large
volume fraction of basal poles are oriénted in the crack opening direction
and increases as the basal poles become progressively misoriented. For
equivalent textures recrystallized material has a larger Kygqn than stress-—
relieved material. The principal mode of crack propagation gs transgranular
cleavage near the basal plane. Several ductile modes of separation such
as tearing between facets and fluting complement cleavage. The increase
in KI with basal pole misorientation is due to the ductile modes of
separgggon which are more prevalent as KIS increases. Cleavage of mis-
oriented basal planes is a secondary contrggution to the higher KISC
values. In recrystallized material regions of intergranular propagagion
are observed with a transition to completely intergranular failure near
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In the tube pressurization tests of cladding from two different
suppliers, the substantial difference in hoop stress versus time to
failure behavior is due to texture. A more tangential tube texture
results in shorter times to failure at a particular stress and a lower
threshold stress. ID surface finish and heat treatment have a smaller,
second order effect on SCC susceptibility. Residual hoop stress at the
levels found in these two lots has no effect on SCC behavior.

Both crack initiation and crack propagation ere strongly influenced
by texture. Lifetime is limited by crack initiatiom at 320°C, but
initiation occurs more readily at 390°C. Strain accumulation and local-
ization are important to the crack initiation process. Fracture features
associated with crack propagation are qualitatively similar 1o both
fracture mechanics and tube pressurization specimens. High stress/high K
favors small cleavage facets and more ductiie features while low stress/
low K favors larger cleavage facets with less tearing between facets.

Thesis supervisor: R. M. Pelloux
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1. INTRODUCTIOCN

Operating experience with light water reactor (LWR) fuels has
shown that the Zircaloy cladding is susceptible to failure soon after a
sudden local power increase which follows appreciable irradiation. The
first indication of these pellet-clad interaction (PCI) faillures was re-
ported in 1964 [1]. By the early 1970's most reactor vendors found that
failure by PCI was a perfoimance limiting effect [2-4]. Fission product
iodine was implicated as the corrosive specie in the failure process by
iodine and tellurium deposits near the fuel failure locations [1] and
from the discovery by Rosenbaum [5,6] that iodine could embrittle the
Zircaloy fuel cladding in out-of-reactor tests.
Stress corrosion cracking (SCC) is strongly implicated as the
failure mechanism based on the observations that:
° a time delay between power increase and failure signal is
present indicating a time dependent process [3];
o irradiated cladding loaded with fresh fuel, i.e. no fission
product inventory, did not fail in high power tests that
would fail with irradiated fuel [4,7];
o cracks initiated at the cladding inside surface where
fission product deposits are found;
o the fracture surfaces of incipient cracks strongly resemble
the fracture features in iodine embrittled laboratory tests
which are both different from the fracture surfaces formed

with no environmental effect [3,4,8,9].
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Several reviews of the failure processes for Zircaloy fuel rods are
available [10,11].

In general, the PCI failure phenomenon should be referred to
as environmentally assisted fracture of Zircaloy. Laboratory tests in
gaseous iodine should be termed iodine assisted fracture of Zircaloy.

The mechanism of environmental failure in Zircaloy is not unambiguously
known although several have been proposed [12]. The above terminology
implies no specific mechanism as does the term stress corrosion cracking.
Tests in liquid metal environments clearly fall under the category of
liquid metal embrittlement (LME). Historically, however, iodine failures
are referred to ag stress corrosion cracks [5,6,12] so this label is
retained throughout this thesis.

Three elements are essential for SCC to occur: an aggressive
environment, a tensile stress, and a susceptible material. The pellet-
clad interaction exerts a local tensile stress while release of volatile
fission products to the cladding inside surface provides the environment
resulting in failure of the susceptible Zircaloy. Fig. 1.1 presents an
overview of the SCC process which will be used to organize subsequent
discussion. Each of these factors in the PCI failure phenomenology has
a counterpart in the laboratory experiments. The knowledge gained from
the study of both PCI fuel failure phenomena and laboratory studies 1is
applied toward understanding the processes leading to PCI failure,
modeling them, and designing PCI failure resistant fuel.

The background and literature survey, Section 2, considers each
of the three broad categories indicated in Fig. 1l.1: PCI failure pheno-
menology, laboratory experiments, and analysis and solutions. Emphasis

is placed on the laboratory experiments since this section is most
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relevant to the experimental portion of this thesis. Section 3 describes
the plate and tubing materials used in the experimental program. Three
types of tests are conducted: crack arrest tests with fracture mechanics
specimens, tube pressurization tests on reactor grade cladding, and split
ring tests. The plan of work, results, and discussion are presented in
Sections 4, 5 and 6, respectively, with a sub~section devoted to each
type of test. An additional sub-section of the discussion i1s devoted to
consideration of several critical issues regarding iodine SCC phenomen~
ology such as crack initiation, crack propagation, the role of stress

and strain, and relevance of this work to irradiated materials. Section
8 gives the summary and conclusions while Section 9 details additional
research that could be done to supplement the work presented in this

thesis.
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2. BACKGROUND AND LITERATURE SURVEY

2.1 Description of PCI Failure Phenomenology

The three factors required for SCC are stress, environment,
and material susceptibility. The PCI mechanics which lead to a tensile
stress on the cladding are described. The environment at the clad inside
surface is controlled by both the fuel/fission product chemistry and the
release of fission products to the clad. Both factors are considered.
The details of the material response to stress and aggressive fission

products is deferred until Section 2.2.3.

2.1.1 PCI Mechanics

The basis for the mechanical interaction between pellet and
cladding is the difference in the thermal expansion properties of the
UO2 fuel and the Zircaloy cladding. When a fuel rod is brought to power,
several responses by the fuel and cladding are noted [13]. The clearance
between the pellet and cladding decreases due to the larger thermal
expansion of the fuel. The large parabolic temperature gradient in the
fuel pellet causes a "barreling" phenomenon to occur. The hotter pellet
center expands more than the cooler pellet surface causing the pzllet to
assume a non cylindrical shape with a convex top and concave sides. The
corners of the hourglass-shaped pellet contact the clad first. The
claddiﬁg deforms to fit the contours of the pellet stack either by
further power increases which force hard contact between pellet and

cladding or by creepdown of the cladding onto the pellet stack if close

mechanical contact has not occurred previously.
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Once mechanical contact is made, an increase in rod power level
generates local stresses on the cladding. The outer region of the fuel
cracks in response to the change in pellet temperature gradient. Stress
and strain are concentrated at the ridges and at fuel cracks which are
observed to be failure locations. A simplified model of the PCI process
in Fig. 2.1 demonstrates the elements essential for fuel failure. The
tensile stress in the cladding is relaxed by fuel and cladding creep and
fission products are released to the cladding. PCI cracking occurs if the
tensile stress remains above a critical stress with '"corrosive' fission
products present for a sufficient period of time. Fuel design and fuel
operating conditions are utilized to minimize this possibility.

Several design changes are incorporated into current fuel
designs to minimize mechanical interaction. Ridging is reduced by lower-
ing pellet height to diameter ratio, dished ends, and chamfering [14].
Rod pre-pressurization with helium increases gap heat conductance and
reduces cladding creepdown [15].

Fiveloperating parameters are related to PCI [11]:

a) Burnup at low power prior to the ramp;

b) Maximum power during the ramp;

c) Difference between initial power level and final power

level;

d) Average ramp rate;

e) Time at high power.

Failure occurs when fuel at a low power level receives a rapid power
increase, e.g. by a control rod movement. Consequently, rates of power
increase and maximum rod power rating are specified by the fuel vendor

to minimize both local stress and fission product release.
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Fuel failures in operating rods usually have low uniform strains
at failure and little or mo ridging. Ridge heights of less than 10 um
are often observed [9,16]. Low values of macroscopic strain are reported
[4,9,17] with a measured diametral strain less than 0.07% given in one
case [17]. Local strains occur at both ridges and fuel cracks. The
strain concentration depends on the details of this interaction such as
ridge height, ridge sharpness, coefficient of friction between cladding
and fuel, fuel cladding bonding, and number of fuel cracks. Values of two

to five times the macroscopilc strain are predicted by deformation models

[14,18].

2.1.2 Fuel Chemistry

The chemistry inside an operating fuel pin is very complex.
Thermodynamic data obtained from out-of-pile experiments are used to model
in-pile behavior. The results of post-irradiation tests are then used to
verify these models. The large in-pile radiation fields can produce
results that are different from predictions based on out-of-pile thermo-
dynamic calculations. The variety of fission product species, numerous
chemical states of the fission products, and interactions between fuel,
clad, and fission products further complicate this analysis. In many
cases thermodynamic relationships are not known.

The goal of this section is to define the chemical state of a
light water reactor fuel pin to better understand the environment that
is relevant to PCI failure. Oxygen potential and oxygen redistribution
are discussed first. Fission product release to the cladding inside

surface is then considered, including observations on the chemical form
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and morphology of fission product deposits. Finally, the chemical form
and release of potential embrittling elements is discussed. Additional

references on fuel chemistry are available [19,20].

2.1.2.1 Oxygen Potential

Urania fuel undergoes a continuous change in oxygen distribution
and stoichiometry during burnup in LWR's. Oxygen is redistributed in the
temperature gradient of the fuel pin during the initial stages of burnup
where the slightly hyperstoichiometric fuel becomes richer in oxygen at
the fuel centerline and nearly stoichiometric at the cooler pellet 0D
[21]. The oxygen gradient is attributed to CO—CO2 transport of oxygen in
the temperature gradient [22,24]. At higher burnup cesium might also
participate in the transport process [21].
Burnup affects the oxygen balance in the fuel. Several competing
effects are present, some releasing oxygen and some consuming oxygen. The
increase in oxygen content of the fuel is attributed to the following
factors:
1. The fuel is slightly hyperstoichiometric at the beginning
of life;

2. TFission of the fuel replaces uranium (valence +4) with a
variety of fission product elements (rare earths,
alkaline earths) haviné a net valence less than +4;

3. Plutonium is bred from U238; since Pu can exist in valence

states less than +4, the net effect is increased oxygen

availability.
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A decrease in the oxygen content of the fuel is due to:

1. Reaction of fission product cesium with urania to form
cesium uranates; several cesium-urania compounds are
reported to be stable [25] and these compounds are observed
in post-irradiation examinations as cesium uranates or
cesium-zirconium~urania compounds [4,9].

2. Oxidation of Zircaloy clad ID.

There is evidence that the processes that consume oxygen
dominate those that release oxygen. Adamson et al. [21] measure the
oxygen potential as a function of fuel element radius with an oxygen
probe for fuel burnups of approximately 11,000 and 19,000 MWD/T. They
find that the surfaces are slightly hypostoichiometric and the center of
the fuel pins is more hypostoichiometric. Kleykamp [26] examines a fuel
element with 41,000 MWD/T burnup with an electron microprobe and
estimates the fuel stoichiometry from the composition of fission product
precipitates. He reports that the initially hyperstoichiometric fuel
(0/U = 2.003) is reduced to near or slightly below stoichiometric composi-
tion across most of the pellet radius. These results cannot be applied
directly to LWR fuel elements due to differences in burnup, rod power,
and amount of piutonium breeding. However, a clear trend of oxygen
decrease in the urania fuel with burnup emerges. A substantial amount of
oxygen is consumed by the oxidation of the clad ID. Oxide films are
observed at the ID surface of fuel rods irradiated to moderate and high
burnup [4,9,26-28]. Cublcciotti and Jones [19,40] attempt a semiquanti-

tative oxygea balance for an LWR fuel rod.
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The thermodynamic properties of urania fuel are modified by the
accumulation of aliovalent fission products and plutonium bred from U238.
The yttrium, rare earth, and Plutonium are in solid solution in the UO2
matrix. Catlow [29] presents a general model that shows how the oxygen
chemical potential of the fuel changes by doping with aliovalent cations.
For metal to oxygen ratios, M/0, less than two, doping with either
lower valent cation such as Mg+2 or La+3 or an electron donor such as Ce
or Pu decreases the oxygen potential. This is demonstrated experimentally
by Ce [30], Pu [31,32], Nb [31], and Pr [33] additions to give (U’M)OZ-x
and by Ce or a simulated fission product mixture of Pr, Ce, Zr, Nd and Y

added to (U ) O

0.75* Pl 25 [34].

2-x
Blackburn [35] proposes a model to calculate oxygen potential
over UO2+x which is expanded by Olander [36] to consider (U’Pu)OZix' Both
experimental [30-33] and model [35,36] results are applied to breeder
reactor, mixed oxide fuel since relatively large concentrations (10-20%)
of Pu additions are considered. Concentrations of 3% or less are
appropriate for the burnups and plutonium breeding characteristics of LWR
fuel. The Blackburn/Olander model is modified to comsider
(Ul_q, Puq)OZix where q € .01 are considered. Model development, equa-
tions, results, and applications are discussed in Appendix A. Fig. 2.2
shows some results of the calculations. The oxygen potential at slightly
hypostoichiometric O/M ratios is significantly increased by Pu addition
of only several tenths of a percent. A similar trend 1s expected for the
rare earth fission products.

Given the complexity of the fuel chemistry, it is only possible

to estimate the oxygen potential based on several assumptions. For
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normal operation the pellet OD temperature is typically 723°C. If
equilibrium exists across the pellet-clad gap and the Mo/MoO couple
buffers the fuel with respect to oxygen [19], the oxygen partial pressure
is calculated to be ’\:3x10"22 atm. If the fuel OD is slightly hypostoi-
chiometric (O/M 1.999) [21,26], the oxygen partial pressure is calculated
[21] to be '\»10_25 atm. However significant Pu is bred in these experi-
ments, so the oxygeh potential could be somewhat lower.

The situation becomes much more complicated if fission products
migrate to the gap and fuel clad bonding occurs. Pellet-clad contact
lowers the pellet OD temperature to approximately 500°C. The oxygen
potential is modified by the presence of Cs-U-0, Cs-Zr-U-O, and/or Cs-0
compounds whose thermodynamic properties including oxygen potential, are
not known. An additional observation is that enhanced oxidation of the
Zircaloy cladding is observed at cracks, pellet-pellet interfaces, and
regions where the fuel contacts the clad [9,21]. This phenomenon might
result from two different processes: 1) fission products and fuel causing
a transition to breakaway oxidation kinetics because the film is no longer
continuous and adherent; 2) greater availability of oxygen because a
higher partial pressure of oxygen is established by exposing hotter fuel
toward the center of the pellet at a pellet crack or pellet-pellet inter-
face, rather than the pellet surface. If the later explanation is valid,
the oxygen potential at the fuel cladding is higher than previous
estimated.

An important observation of the effect of oxygen potential on

PCI failure is made by Davies et al. [4]. They perform in-reactor SCC

tests where irradiated and unirradiated cladding are loaded with annular
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pellets of fresh fuel and irradiated fuel is placed in the annular regions.

Oxygen potential in the hyperstoichiometric fresh fuel had to be reduced

by niobium additions to cause failure of the Zircaloy cladding in ramp tests.

2.1.2.2 Fission Product Behavior

A review of fission product behavior in LWR's is published by
Cubicciotti [25]. The major conclusions and observations of volatile
fission products are restated here with some additional support from more
recent studies.

Fission product release correlates directly with two fuel op-
erating parameters: linear rod power and fission gas release. Bazin et
al. [28] find a threshold curve where the linear power necessary for
fission product release decreases with burnup. This release corresponds
with the radial redistribution of fission products. Axial migration is
observed only at very high power levels where significant restructuring
of the fuel occurs. Fission product release is noted when fuel tempera-
ture exceeds the grain growth temperature of the UO2 [20]. Although some
contradictory evidence exists, fission products are released in approxi-
mately the same proportion that fission gases reach the free volume of
the fuel rod [38,39]. A high level of fission gas release is usually
associated with PCI failure.

A variety of fission products deposit on the fuel cladding.

The elements most commonly observed are: Cs, Te, and T [1,9,28,40].
Careful examination reveals these and other minor elements: Cd, Ba, Pd,
Ag, and Sn [4,26,41]. These elements have high and moderate vapor
pressures in the fuel [40]. Much of the chemistry in the fuel-clad gap

is determined by cesium which is tche most abundant fission product to
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reach the cladding. A Cs-U-C ceramic phase is often observed. The exact
composition is not known since many phases are found in this system
[25,42] and the composition might change depending on the chemical condi-
tions. Other variants are Cs-Zr-U-O phases [28] and Zr-Cs-Sn-O phases
[26]. The important point is that gaseous cesium is released from the
fuel in either elemental form or as 0520 and reaches the cladding where it
reacts to form a compound bonding the cladding and fuel together at points
of contact. Other compounds detected in post-irradiation analysis are
CszTe [9,40] and CsI [1,9,40]. The minor elements are present in concen-—
trations too low to determine their chemical form.

From the previous list of fission products only a few can cause
cracking of the Zircaloy cladding. Screening programs [19,43] have
identified the following environments:

a) Iodine, including zirconium iodide, but not cesium iodide;

b) Cadmium and cadmium dissolved in liquid cesium;

¢) Liquid cesium, but only at temperature below 250°C [44];

d) Liquid cesium with ircn contamination [45].

Liquid cesium is not observed in LWR fuel elements. The only scenario
that could place liquid cesium at the fuel cladding would be release of
gaseous elemental cesium from the fuel interior through fuel cracks
followed by condensation. It should be pointed out the CSZO might be the
gasedus specie. Thus cesium is not likely (although not excluded) to play
a direct role in the PCI failures. Cadmium is present in much lower
concentrations as a fission product than iodine accounting for the few
observations of Cd at the clad surface. The low concentration and
difficulties in transport to a crack site make cadmium an unlikely

corrodent.
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Iodine is expected to be combined as CsIl from thermodynamic
considerations. However, Peehs et al. [39] report that migration of Cs
and I in a temperature gradient takes place without reaction, and release
of these fission products is proportional to the fission gas release.

Two mechanisms for the release of chemically combined iodine are

possible. The reaction of CsI to form Cs-U-0 compounds liberates iodine
[39] and is predicted thermodynamically [65,66]. Radiolytic decomposition
of CsI salts is also known to occur [46]. The iodine partial pressure in
the fuel rod following a power ramp is low (<10—5 Pa) [47]. This does not
consider that the jodine released from the fuel mignt react quickly with
the cladding without appreciable pressure buildup or that higher iodine
concentrations might exist locally at fuel cracks or other locations of

fission product release.
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2.2 Laboratory Experiments

2.2.1 Chemical Factors

2.2.1.1 Zirconium-Iodine Chemistry

2.2.1.1.1 Compositions and Properties

Recent work has increased the understanding of the physical
chemistry in the Zr-I system. The formation of lower iodides with nominal
compositions of ZrI3, ZrIz, and ZrI is observed. Each of these iodides is
known to exist over a range of stoichiometries rather than being a stoi-
chiometric compound, although a stoichiometric ZrI2 cluster compound 1is
identified [48]. The extent of non-stoichiometry [48-52] is shown in
Fig. 2.3. Disagreement exists as to the exact compésition boundaries for
the triiodide and diiodide. Some data in Fig. 2.3 are updated from
earlier work by the same groups, specifically the Bhattd et al. [32]
study from the earlier work by Sale and Shelton [57] and the Cubicciotti
et al. [53-56] work from a Cubicciotti et al. [58] report. Daake and
Corbett [50] attribute the reported variability in composition boundaries
to analysis of lower iodides that had not reached equilibrium.

Several types of reactions are possible in condensed metal
halide systems [59]. The reaction relevant to the zirconium-iodine system

is the disproportionation reaction which, stated in the general form, is:
Zan(s) = an_l(s) + MMb(v) (2.1)

In all cases the evolved gas is ZrI4. Fig. 2.4 plots log PZrI versus
4

1/T showing the fields of stability for the various iodides based on

thermodynamic data [49-56]. The important point presented by Fig. 2.4 is
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that lower iodides are formed under the appropriate conditions of iodine
pressure and temperature although the kinetics may be sluggish. Subse-
quent discussion considers the methods of preparation, structure, and
stability of each iodide.

Zirconium Tetraiodide. The material is generally prepared by

reaction of iodide crystals with a slight excess of zirconium followed by
sublimation of the product [53,60]. The final material varies in color
from red-brown to mahogany. ZrI4 tends to be very hygroscopic and reacts
with moist air to yield HI and ZrO2 so handling is normally done under
dry, inert gas.

Zirconium Triiodide. Several methods are used to prepare

zirconium triiodide. The most common involves the reduction of ZrIL,+
vapor [61] or liquid [57,62] by Zr metal above 500°C. To circumvent
problems of unreacted metal and uncertain intermediate, phases Daake and
with ZrI

Corbett [56] reduce the ZrI Dahl et al. [63] report the

4 1.¢°
crystal structure to be distorted HCP anion lattice with Zr atoms in
one-third of the octahedral sites. They also present x-ray diffraction
data. The compound is reported to be blue-black, green-black, or brown-
black in color [50,62,64], depending on the physical form and is
pyrophoric.

Zirconium diiodide. Preparation of this compound is usually

accomplished by heating zirconium triiodide to 360°-390°C causing dispro-
portionation. The product is reported to be blue-black or black in color
and is stable in air. Sale and Shelton [12] analyze the product by

x-ray diffraction and find a structure similar to the triiodide. However,

Daake and Corbett [50] report that the x-ray pattern from the lower limit
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of triiodide stoichiometry is virtually identical with the diiodide
reported by Sale and Shelton [62]. Although no. data are given, they
state that the powder pattern from erl.B is very different. It can be
concluded that structural analysis of the diiodide is Incomplete at this
time.

Zirconium Moniodide. Only one study reports this material [54].

Zr12 4 is heated at 425°C and ZrI4 condensed at the cool end of a tube.
The product is black in color and granular in form. X-ray diffraction

analysis is reported, but the structure is not analyzed.

2.2.1.1.2 Reaction Kinetics

Several aspects of the reaction kinetics in the Zr-I system
are addressed. The reaction of iodine with zirconium and Zircaloy between
215° and 400°C at relatively high iodine pressures (26 Pa) is reported by
several investigators [67-69]. Several reaction steps are observed.
Chemisorption of iodine is followed by reaction to form ZrI4 at relatively
high iodine pressures [67]. The volatile ZrI4 remains in the gas phase
until either the pressure is sufficient to cause solid ZrI4 condensation
[68] or further reaction forms lower iodides from the excess zirconium in
the system [68,69]. As thermodynamic equilibrium is approached, much of
the iodine exists as condensed lower iodides; heating releases ZrI4 by
the disproportionation reaction, Eqn. (2.1). Both first [67] and second
[68] order reaction kinetics are reported. The later study occurs at
much higher iodine partial pressure than the former so a difference in
rate controlling process might be responsible for the disparity in order

of reaction kinetics.
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4 1076 Pa) and

At very low iodine partial pressures (10
723°-1023°C, only the adsorption step is observed [70]. Chemisorption of
monotonic iodine is described kinetically and compared to ZrIl 05 forma-

tion in thermodynamic terms. A small amount of ZrI 0.1% of total

4°
iodine pressure, is observed only at the lowest temperature, 723°C, and
the highest iodine pressure, 10_4 Pa. Significant oxygen and carbon
adsorption occurs below 687°C. It should be emphasized that significant
extrapolation is required to apply this data to behavior at reactor
operating temperatures of 300°-400°C.

Lower iodides form on zirconium and Zircaloy in a ZrI4
environment between 300° and 500°C [71,72]. Sale [71] notes a coating of
tri- or diiodide depending on temperature. Cubicciotti and Scott (721
found ZrI formation with higher iodides forming over the monoiodide.

They also conclude that lower iodides form even when the system does not

have sufficient time to reach equilibrium.

2.2.1.1.3 TIodine Concentration for SCC

A controversy in iodine SCC of Zircaloy is whether the iodine
concentration should be expressed on an areal or a volumetric basis.
The critical point concerns the mechanism of crack initiation. If
gaseous iodine or iodide causes initiation, iodine concentration should
be expressed on a volumetric basis. Conversely, if condensed iodides
cause initiation, an areal basis is appropriate. Two factors indicate
that the areal basis for iodine concentration should be used. The
kinetic studies in the previous section indicate that lower (condensed)

zirconium iodides form in the presence of excess zirconium. Peehs et al.
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[81] report that, in tests with minute quantities of iodine, islands of
microcracks form which probably correspond to local regions of condensed
jodide. A small quantity of iodine released near a flaw causes failure
while no failure occurs if iodine is released far from the flaw.

The threshold iodine condition for studies utilizing low iodine
concentrations is given in Table 2.1. Several important trends are
observed from the data. The concentration threshold is independent of
stress level and deformation rate [81]. A trend of increasing threshold
concentration with decreasing temperature is observed [81,82]. Most
studies indicate no effect of iodine concentration on SCC susceptibility
[18,109,116], however, Peehs et al. [8l] find that threshold stress
decreases with increasing iodine concentration above the concentration
threshold [81].

The iodine environment in an SCC test depends on the type of
test, static or flowiag. In a static test purple iodine vapors are
observed to clear from the test capsule in the first several minutes by
reaction with Zircaloy [82]. Lower iodides form according to the kinetic
factors discussed in the previous section. Thermodynamic equilibrium is
never reached due to kinetic limitationms. In a flowing system iodine is
continuously introduced while ZrI4 and probably some 12 are removed. A
dynamic equilibrium, but not thermodynamic equilibrium, is eventually
established fixing the iodine potential in the gas. Reactions are then

possible to form condensed lower iodide.

2.2.1.2 Corrosion of Metals by Iodine

The general corrosion behavior of Zircaloy and other materials

used in the testing apparatus must be known since it relates directly
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both to interpretation of the results of individual investigators and

to the understanding of the chemical effects on iodine SCC. The metals
of interest are Zr, Fe, Al, Cd, Cs, Cu, W, and Mo. The goal is to better
understand the chemistry of various iodine SCC experiments. Observations
by investigators during their iodine SCC tests .re an important source of
information on metal-iodine reactionms.

Daniel and Rapp [73] review the corrosion behavior of metals
in halide environments, including iodine. They show that all the metals
listed above form stable iodides when exposed to iodine. Fig. 2.5 shows
the standard free energy of formation, AGE, versus temperature for
several metal iodides of interest. The partial pressure of iodine in
equilibrium with a metal iodide can be calculated from AG;. Fig. 2.6 plots
the equilibrium partial pressure of metal iocdides versus temperature for.

several metal iodides.

2.2.1.2.1 Zircaloy Corrosion

The thermodynamics and kinetics in the Zr-I system are
described in a previous section. The reaction of Zircaloy with iodine in
laboratory test environments is introduced in the following discussion.

Tests are performed with either a constant I2 partial pressure

or a known initial iodine inventory. A constant PI test consists either
2

of a gas stream carrying a known partial pressure of iodine [18,74-79] or
of an external supply of iodine crystals at constant temperature [67,80,

81]. 2rI, reaction product volatilizes and condenses on cool surfaces

4
outside the test chamber. If the initial iodine partial pressure is
sufficiently high, pitting of the zirconium or Zircaloy surface is

observed [75,79].
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Most investigators use a known iodine inventory for tests in
a closed or stagnant system. The quantity of iodine is expressed as an
initial weight, a weight per unit volume, or a weight ber unit area. The
partial pressure of iodine is initially high, then decays by reaction with
the zirconium [68] or Zircaloy. Wood [82] reports that dense purple
fumes of gaseous I, form in the test capsule with a calculated

2

PI’MO.S atm.. The fumes dissipate within several minutes leaving a red-
2

brown deposit and a faint yellow gas. Continued exposure yields a yellow-

brown deposit. Heavy pitting is observed under the deposit.

2.2.1.2.2 Corrosion of Other Metals

Metallic components are often in contact with iodine during
SCC tests. Iron and various steels are most often present. They are
added intentionally as '"catalysts" [44,82-84], used as structural material
in test apparatus construction [19,80,81,84-86], or employed in specimen
loading in differential thermal expansion mandrel tests [6,80,85,87-89],
fuel swelling simulation tests [85], or fracture mechanics specimens [82].
Other mandrel materials are aluminum and aluminum alloys [44,80,85,88,90],
copper [80], and zirconium [18,76]. Copper and brass [88]) proved to be
unacceptable because of heavy attack by iodine so they are not discussed
further. Molybdenum and molybdenum alloys are also used as materials of
construction [18,74,76,77,79,92] because of the very low corrosion rates
that are observed [73,93]. Subsequent discussion considers the iodine
corrosion behavior of iron and steel, and of aluminum and its alloys in
greater detail. Both intrinsic corrosion behavior and corrosion

properties that are observed in ilodine SCC tests are discussed.
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Daniel and Rapp [73] report that beth irom and stainless steel
are attacked by iodine, but that iron is much less resistant. Stainless
steel can handle iodine in the 250°~300°C range but is subject to
pitting. Shapiro [93] gives corrosion data for stainless steel in 400 mm
12 vapor at 450°C. The penetration rates are significant for several
austenitic stainless steels and are about 50 to 1000 times the rates for
some noble and refractory metals. Garlick and Wolfenden [80] report that
iodine at an initial pressure of <0.2 torr is depleted by reaction with
a stainless steel test chamber. Cubicciotti and Jones [19] detect ironm on
the heavily pitted internal specimen surfaces and fracture surfaces of
internal pressurization samples and assume that the iron is transported
from stainless steel end fittings where they find some attack. When iron
is present as a '"catalyst', corrosion of the iron occurs preferentially
and the Zircaloy samples remain bright rather than heavily attacked and
pitted [82,84]. Garlick [85] shows a fuel swelling simulation test speci-
men with a steel mandrel where significant pitting of the mandrel is
evident but very little attack is observed on the specimen.

The number of observations of aluminum corrosion by iodine is
more restricted. Daniel and Rapp [73] conclude that aluminum is not a
practical material for handling iodine above 190°C, the melting point of
AlI3. Comments on aluminum corrosion during Zircaloy SCC tests are also
limited. Une [88] reports that some iodine reacts with an aluminum alloy
mandrel. Garlick and Wolfenden [80] speculate that variable results from
testing with various iodine partial pressures might be caused by reaction
petween iodine and aluminum mandrels. Gangloff and Coffin [18] observe

a large quantity of yellow deposit, presumed to be aluminum iodide, in

fuel swelling simulation tests with an aluminum core.
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2.2.1.2.3 Metal Iodides and Embrittlement of Zircaloy

From thermodynamic data and experimental observations, it is
apparent that iodine reacts with any metallic material present during an
SCC test, including specimen, 'catalyst'", and structural components.

In some cases corrosion of materials other than the Zircaloy occurs
preferentially depending on the reaction kinetics, e.g. the tests with
the iron catalyst or steel mandrel. The proximity of the material to
the test specimen is also relevant. Although Cubicciotti and Jones [19]
observe iron on the surfaces of their internal pressurization specimen,
the heavy pitting corrosion indicates that the transport of irom as iron
iodide occurs subsequent to iodine attack of the Zircaloy. Thus, the
iron iodide is less likely to have played a role in the cracking process.
Corrosion of structural components results in depletion of the iodine
avallable to the Zircaloy and establishes a certain partial pressure of
metal iodide in contact with the specimen which is different from the
case without the extraneous metal. Partial pressures of several metal
iodides at 300°C, a typical test temperature, are given in Table 2.2.

Tests with iodides of Al and Fe are substantially more
embrittling than 12 or ZrI4 environments [78,86]. The reduction in
ductility with an aluminum mandrel in fuel swelling simulation tests [18]
indicates that the test by Une [90,91] with an Al mandrel are not
representative of iodine SCC condition of other tests. The increased
embrittling effect of iron is consistent with the need for an iron

"catalyst" to crack split ring specimens [82].
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2.2.1.3 Oxygen Containing Environments

The effect of oxygen in an iodine SCC test is to promote the
growth of an oxide film on the Zircaloy. The sources of oxygen are

intentional 02 gas additions [79,88,91,92,96], air [82,86], water vapor

_________LB3,86T871914T_and_residual_oxygen_in“an—inertmgaSNStream-{38];""The“"“-'"'“"'“"

oxide film prevents attack of the metal by the iodine. Several studies
[82,83,88] note that purple 12 vapors do not clear for several hours from
test capsules containing air or oxygen and no zirconium iodide is formed.
The amount of oxygen that must be present to prevent cracking depends on
the quantity of iodine and form (iodine vapor or metal iodide). An
example of a threshold oxygen pressure is given by Une [88] who reports
that oxygen partial pressure above 3.7 kPa and 1.2 kPa at 300° and 350°c,
respectively, prevented cracking. No correlation with oxide thickness
(0.61 and 0.20 um, respectively) is evident. The iodine chemistry is
complicated by the use of aluminum mandrels, and the oxygen pressures

represent initial values since a static system is used.

2.2.1.4 Liquid Metal Environments

Certain liquid and solid metals are known to embrittle
Zircaloy. Cesium alone does not cause brittle failure in a variety of
tests: slotted ring [44], differential thermal expansion mandrel [89],
internal pressurization [87,89], uniaxial tension [43], fuel swelling
simulation [44,45], and double cantilever beam [44]. Only dynamically
loaded DCB specimens [44] failed by liquid metal embrittlement and only
at temperatures below 250°C. Above 250°C cesium embrittles only when it

dissolves other metals. At 300°C the cesium must be scavenged of oxygen
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and contaminated with iron [45]. Contaimination of cesium with Sr, Zn,
Ca, or Y results in mild embrittlement [43]. By far the most aggressive
liquid metal environments contain cadmium as ‘solid cadmium, liquid
cadmium, or cadmium dissolved in cesium [18,43,74,76,97-99].

A point of disagreement is the relative level of embrittlement
between iodine and cadmium environments. Wood et al. [99] find that fuel
swelling simulation specimens achieve much higher strain in cadmium than
in iodine (3.5-4% versus 0.05%) although fracture features are similar.
This conclusion disagrees with earlier studies where comparable low strain

levels are observed in both environments [18,76].

2.2.2 Stress

Many types of specimen geometries and loading schemes have
been used to study SCC in Zircaloy. Any test falls into one of four
categories: 1) constant initial displacement; 2) constant stress;

3) constant extension rate; &) crack growth. Table 2.3 lists all the
specimen designs under these four categories, the laboratories or
investigators that use them, the type of data typically obtained from
each test, and the advantages and disadvantages of each specimen design.
Fig. 2.7 shows schematic strain versus time and stress versus time
relationships for each loading mode.. The important characteristics of
each test type are summarized below:

Constant displacement. This type of test gives a fixed total

strain that is usually all elastic initially. As the test proceeds the
elastic strain is converted into plastic strain and the stress

decreases due to stress relaxation. An advantage of this type of loading



42

- is its simplicity so screening of environmental and materials variables

is easily accomplished. Difficulty arises when attempting to analyze the
time dependent stress relaxation in the stress gradient induced by bending
in the split ring specimens [101].

Constant stress. During the test, total strain increases due

to creep of the Zircaloy. Some investigators [61,109,116] calculate an
average strain rate by dividing the uniform strain at failure by the time
to failure. This approach is a simplification since the primary and
secondary creep characteristics of the material are not separated. The
total surface area of stressed material depends on the specimen design.
For instance, a much larger surface area of stressed material is exposed
to iodine in the tube pressurization test than in the clad segment of

a "localized ductility" test [74,96], or in the locally strained region
in the indentor test [75,84,114].

Constant extension rate. This test is generally regarded to

be more severe than the previous two because plastic strain is continuously
being applied to the point of failure. The critical criteria then become
the ductility of the fractﬁre region and fracture appearance. The time to
run a test is relatively short, one to three days at 10—6/sec compared to
potentially longer times fn constant stress or crack growth tests, making
the test attractive for screening materials and environmental variables.

A strain rate is easily calculated; however, local instabilities such as
necks or cracks raise the local strain rate. One difficulty is the
separation of time dependent chemical effects. Various aspects of the
constant extension rate test are described by Payer et al. [122].

Crack growth. Specimens are pre-cracked, generally by fatigue,

to produce a sharp crack and are exposed to the enviromment of interest.
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The procedure eliminates the crack initiation stage so that crack propa-
gation alone is studied. Three types of loading, shown in Fig. 2.7, are
analogous to the smooth specimen loading: 1) consfant initial displace-
ment, Gi, 2) constant stress intensity, K, and 3) rising load KISCC
tests [123]. Data are obtained as crack velocity da/dt versus K and/or
KISCC in crack arrest tests. In tests on Zircaloy, specimens are usually
produced from plate so microstructural differences between plate and
tubing must be considered. Specimen designs and test procedures are
discussed by Rolfe and Barsom [124]. Videm and Lunde [118] attempt crack
growth measurements in pre-cracked tubing. Pre-machined flaws are also
used to generate fracture mechanics data [19,74]. Howaver, the flaws are
relatively blunt so crack initiation must still occur.

SGeveral elements of the tube testing techniques closely
resemble the PCI conditions in-reactor. The loading conditions in Fig.
2.1 most resemble the constant displacement type of test in Fig. 2.7 where
the stress relaxes by creep following a stress ramp of the cladding. The
local stress on the cladding is best gimulated by the fuel swelling ’
simulation test. A soft metal plug is compressed from the ends which
expands against annular ceramic segments; these in turn load the cladding
with stress and strain concentrations at the gaps between segments which
simulate fuel cracks. The difficulty in using these representative
loading schemes is analyzing the local stress and strain distribution as
a function of time and correlating the mechanical conditions with
environmentally dependent crack initiation and propagation. Thus, the

impetus to use constant stress and constant extension rate tests lies in

the relative simplicity of analyzing the loading aspects of the test.
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The stress state is an important consideration in determining

the susceptibility of Zircaloy to iodine SCC. Rajan et al. [125] predict

that axial to hoop stress rations (ca/Oh) vary from 0 to 1 at pellet-clad ~

ridges. Several contradictions exist regarding stress ratio effects on
SCC. Attempts to fail Zircaloy by SCC under constant stress uniaxial
loading prove unsuccessful [6,80,84]. The more severe constant extension
rate test is necessary to cause uniaxial failure [43,91]. Syrett et al.
[112] test internally pressurized cladding tubes under Oa/ch from 0 to «
emphasizing values from O to 1. Maximum susceptibility is observed in
uniaxial hoop tension, 1i.e. Oa/Oh ~ 0, when hoop stress is plotted
against time to failure. This result contradicts the conclusions derived
from uniaxial tests.

When SCC failure strain is plotted against stress ratio, the
minimum occurs at Ga/ch = 0.5 - 0.7 [92,112] which is close to the
stress ratio for plane strain loading. This leads to the conclusion that
plain strain is the most severe loading condition. A ductility minimum
occurs under plane strainloading in air at room temperature [126-128].
Although Zircaloy is more isotropic at reactor operating temperatures
[127,129], a ductility minimum is still observed. Thus, this behavior is
probably a consequence of the mechanical response to the multiaxial

loading rather than the aggressive environment.

2.2.3 Materials Variables

Environment and stress have been discussed in relation to
Zircaloy SCC. The remaining requirement, material susceptibility, is

considered in terms of the materials variables listed in Fig. 1.1 and

L s e oL
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Table 2.4. This section introduces each materials characteristic by
defining the range of each parameter and the characteristic effects on
SCC behavior. Their relation to the phenomenological aspects of crack

initiation and crack propagation is deferred until the discussion

section.

2.2.3.1 Heat Treatment

In the production of Zircaloy cladding tubes, the final tube
reduction step is a cold-working operation. The cladding then receives
either a stress-relief anneal to reduce residual stresses or a
recrystallization treatment depending on the specifications of the
particular fuel vendor. The recrystallization temperature is a complex
function of cold-work, temperature, and time at temperature. Stress-
relief temperatures are generally in the range 480-520°C, and recrystall-
ization anneals are done between 560° and 580°C.

The mechanical properties are affected dramatically by the
condition of the cladding as determined by the cold work/annealing steps.
Burst and creep properties are often measured at room temperature and
in the 300°-400°C range typical of operating conditions. The following
summarizes the effects of annealing temperature [86,130,131]:

o burst strength and ultimate tensile strength decrease
continuously with annealing temperature; the steepest drop
is found in the temperature range where recrystallization
occurs and flattens when recrystallization is complete.

o the yield strength shows the same trend as the burst and

ultimate but the strength loss is greater.
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o higher levels of cold work shift the above transition in
strength behavior to lower temperature.
o ductility values increase corresponding to the loss in
strength.
° the above trends apply to tests at room temperature and
elevated temperatures between 300° and 400°C.
° creep behavior is a more complicated function of cold work,
annealing temperature, test temperature, and stress; cold
work has a larger effect than annealing temperature.
° 300°C creep tests show trends in creep strength and
ductility that are similar to the short term behavior
while 400°C tests do not [131].
Table 2.4 reveals that heat treatment is one of the most widely
studied materials variables. Most studies compare two heat treatments, ;
a stress-relief and a recrystallized, however, Videm and Lunde [86]
investigate a series of heat treatments. Several trends in SCC behavior i
emerge which can be correlated with mechanical properties:
o higher annealing temperature lowers both the SCC threshold
stress and the O versus tf failure curve; this behavior is
best observed when a lot of material with stress-relief {
and recrystallization anneals are compared directly
[86,109,116].
o although the failure curve is lower for recrystallized
material, it is a higher fraction of the short term stress

and creep rupture curve than stress-relieved material.
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o strain at failure is higher for recrystallized material;

this applies to both tube pressurization tests [86,109]

and constant extension rate tests [74,91].

2.2.3.2 Crystallographic Texture

Crystallographic texture is a term used to denote a non-random
distribution of grains orientations in a solid. It will be discussed in
greater detail and quantified by texture numbers defined in Section 4.
Briefly, the c-axes, or basal poles, align preferentially in the radial-
tangential (R-T) plane in Zircaloy cladding with no poles toward the
axial direction. For the present discussion the R-T plane distribution
can be defined as follows:

° radial - most basal poles in the radial direction with

very few toward the tangential direction (also called a 0°
texture) ;

°o tube - maximum intensity of basal poles at 30°-40° from
the radial direction in the R-T plane with fewer poles in
the tangenﬁial direction (30° texture);

° tangential - most basal poles toward the tangential
direction in the R-T plane with few near the radial
direction (60° texture).

The texture is developed during the tube forming operation [130]. Most
studies consider textures from 30° to the 50°-60° range. Some are able
to cover a broader range of texture by choice of experimental

technique [81,103].
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Reports of texture effects on SCC susceptibility present mixed
results. No effect is noted in some studiezs [103,114] while a large
effect is observed in many studies [81,84,121,113]. Other investigators
find some texture effect [82,83,111] but do not consider it to dominate
iodine SCC behavior. One recurring problem is separating texture effect
from the effect of other materials variables.such as residual stress [111],
surface condition [111,121], and strength as determined by heat treatment
[82]. The type of test could play a role in determining texture effect
[121] since many techniques are used as seen in Table 2.4.

As a first approximation, texture might be suspected to play a
major role in iodine SCC of Zircaloy since the mechanical properties,
particularly creep [131] are strongly affected by texture and the mode of
crack propagation is crystallographic, i.e. transgranular cleavage,
following a near basal plane path. This would make a tangential texture
more susceptible which is observed by all investigators who observe a

texture effect.

2.2.3.3. Residual Stress

Following the final heat treatment, it i1s normal practice for
tubing vendors to straighten the tubing which reintroduces some residual
stress. As in the case of texture, the opinions regarding residual
stress effects on SCC are mixed. A particular study concludes no effect
[85] while another finds a contributing but not overriding effect [117].
Several investigators report a large influence at high residual stress
levels but little or no effect at low levels [82,83,90]. The largest

effect is seen in split ring tests [82,83] where the stress gradient
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across the specimen 1is know to affect the stress relaxation behavior of
the specimen [101,121] and thus complicates an evaluation of residual

stress effects [85].

2.2.3.4 Dissolved Hydrogen and Hydrides

Few studies of the effect of hydrogen on SCC performance are
reported. Wood [83] shows that iodine exposure substantially enhances
hydrogen pick up. This 1is due to fodine attack of the Zircaloy surface
which leaves a clean surface for hydrogen absorption. However, he did
not perform tests designed to isolate the effect of hydrogen on SCC per-
formance. Polan and Tucker [87] conduct tube pressurization tests at
316°C and 360°C on specimens with 20, 60, and 190 ppm hydrogen. Little
of no effect on time to failure is noted at these hydrogen comcentrations.
Hydrogen solubility in Zircaloy at 316° and 360°C is 86 and 140 ppm,
respectively, [132] so these tests are run with both hydrogen in solution
and hydride precipitate.

Cox [102] finds crack initiation at radial hydride platelets
which probably results from hydride cracking when the specimen is loaded
prior to testing since the low hydrogen concentration is in solution at
the test temperature. In tubing normally resistant to cracking without
dissolved hydrogen, the introduction of radial hydrides or hydride surface
layers does not change susceptibility and in many cases reduces

susceptibility [83,101,102].

2.2.3.5 ID Surface Condition

Since crack intiation occurs at the inside surface of the

fuel cladding, surface finish 1s expected to play an important role in
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iodine SCC susceptibility. Surface condition is a variable that is
relevant to all lahoratory tests, covers a variety of conditions, and is
often not well characterized, particularly in relation to its effect on
the crack initiation process. Surface condition variables fall broadly
into three categories depending on how the surface features are formed:

1. Coatings and barriers - these fall under the category of
PCI remedies since they are intended to eliminate SCC
susceptibility.

2. Chemical surface treatments = Oxidation coatings and
pickling are considered since chemical reactions determine
the character of the surface.

3. Mechanical surface treatments - mechanical working of the
surface by machining, honing, sand blasting, grit
blasting, or shot peening creates features characteristic
of worked metal; pre-machined defects such as flaws and
scratches also fall under this category.

Production run Zircaloy tubing 1is usually pickled as one of the final
steps so its surface condition falls in the chemical surface condition
category. If no pickling is done, the as-formed surface (tubing) or
as-rolled (plate) surface is considered under the mechanical surface
treatment category. It is important to note that each investigator uses
his own procedure to create a particular pickled gurface finish, e.g.
composition, temperature, time, degree of agitation or flow, amount of
metal removed, etc. Thus, surfaces nominally given the same type of
treatment in separate studies may not be comparable and could affect SCC

behavior differently.
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2.2.3.5.1 Coatings and Barriers

One approach to solving the PCI prcblem is to place a coating
on the ID surface to protect the Zircaloy cladding. Two basic types
are under development. AECL is testing graphite and siloxane coatings
which are applied as a thin layer [12,83]. A second approach is under
development at General Electric Company involving metal barrier coatings
of either copper or pure zirconium [76]. The electrolytically deposited
copper is not susceptible to iodine SCC. The pure zirconium liner is
formed by a co-extrusion process and exhibits substantially reduced SCC

susceptibility (but not immunity) compared to Zircaloy.

2.2.3.5.2 Chemical Surface Treatments

Oxide is formed on the Zircaloy either by a pre-filming
treatment prior to testing or by oxidation during the test in the presence
of both iodine and oxygen, water vapor, or air. A critical event
relative to SCC is penetration of the oxide to allow iodine to access the
underlying metal. These oxide films (<0.2 um) are penetrated without the
application stress [12,7]. Residual traces of air in a test system do
not appear to affect results [89,120] if a passivating oxide layer does
not form. Reaction between iodine and Zircaloy with a thick (>1 um)
film occurs much more slowly [6,72]. Generally, the presence of an oxide
film reduces susceptibility to SCC compared with unoxidized specimens [86,
89,120]. The environment is important because of the competing effects of
repassivation at a crack in the 6xide and reaction of the metal with
jodine [79]. The presence of oxygen raises the failure threshold compared

to a less oxidizing environment ([38,90,91,120].
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The effect of pickling is to increase the resistance of
Zircaloy to iodine SCC [82,114,120]. Several mechanisms are postulated
to explain this observation: removal of the oxide film which is replaced
by a more impervious film, promotion of general iodine attack rather than
local attack, and elimination of surface defects that promote crack
initiation. A mechanistic assessment of the effect of pickling is not

possible without a detailed comparison of the surface prior to pickling.

2.2.3.5.3 Mechanical Surface Treatments

The surface treatments in this category are mechanical
polishing, honing, grit or sand blasting, and shot peening. The common
element among them is the introduction of a mechanically worked layer on
the cladding ID. The depth of the damaged layer and the possible
introduction of surface flaws or microcracks are usually not evaluated.
The treatments are described as follows:

o mechanical polish - the surface is ground circumferentially

with successively finer metallographic papers ending with

3 pm diamond polishing compound [111]; the surface is very
smooth with only a thin damage layer.

o honing - circumferential scratches should result from this
treatment where a honing tool of bonded grit 1s used to
remove metal [81].

o grit or sand blasting - a fine grit such as alumina or
gilicon carbide is sprayed from a nozzie at a glancing angle
toward the axial direction; long axial scratches normally

result [81,86,113,114,121].
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o shot peening - a shot, often glass, sprayed from a nozzle
strikes the surface to introduce compressive residual
stresses in the surface [83]; a scratched surface with
some gouges can result [113,114].

In laboratory tests crack initiation is influenced by the
surface damage. Only Wood [83] notes a beneficial effect due to residual
surface compressive stresses. Most investigators report no effect [81,
86,114] or an increase in SCC susceptibility [113,121] compared to
untreated material.

Mechanically induced scratches or pre-flaws are introduced in
some studies to simulate defects. They are categorized with the
preceeding surface treatments because a machining operation is used to
form them. The defects are usually shallow, 100 um or less in depth.
Cracks grow from the defects but the susceptibility is not always

decreased [104].

2.2.3.6 Irradiation

The effects of irradiation on iodine SCC must be considered
in terms of the changes in mechanical properties after saturation of
irradiation hardening. Recrystallized material hardens due to
irradiation. Both yield and ultimate tensile strengths increase substan-
tially [77,78,117,133]. A strength increase is also observed in
stress-relieved material, but the increase is greater in the ultimate
tensile strength [77,134]. For all conditions, ductility is reduced to
very low levels due to localization of plastic flow at shear bands

{77,78,133-135], a phenomenon also known as channeling. The decrease
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in ductility is much greater for the initially more ductile recrystallized
material. Irradiation causes stress-relieved and recrystallized materials
to become more nearly equal in both strength and ductility compared to the
substantial difference in unirradiated materials [77]. The textural
anisotropy in deformation behavior is retained after irradiation [77,78,
133,134].

Residual stress is affected by irradiation. At relatively low
fluences residual stress levels are reduced to low (<14 MPa) values by

irradiation induced stress relaxation [83,85].
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2.3 Analysis of Iodine SCC Processes and PCI Solutions

Three topics are covered in this section. They are SCC
phenomenology, remedies, and models and are depicted in relation to the
other PCI failure topics in Fig. 1.1. The treatment is introductory in
nature since analysis of specific issues is deferred until the

Discussion, Section 7.

2.3.1 SCC Phenomenology

Roberts et al. [136] and Cox and Wood [12] present a
mechanistically based model for PCI failures consisting of four stages:
oxide penetration, crack formation, crack propagation, and cladding
rupture. The first two steps comprise crack intiation while the later
two conatitute crack propagation. It is critical to vemember that
environment, stress, and material condition contribute to each step in
the cracking process. Both laboratory and service failures must be
evaluated from this point of view. The observations from service
failures must be consistent with any mechanistic model that is
proposed.

The oxide cracking step in crack initiation appears to be
accomplished quite readily. A thin oxide (<.5 ym) is readily penetrated
by iodine without the application of stress. Strain is necessary to
crack a thicker oxide, but the amount is low and does not limit initia-
tion [75]. In oxygen containing environments, oxide cracking limits
initiation if a competition exists between chemical attack and

repassivation. This is not generally the case in a fuel rod where the
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oxygen potential is very low. Thick oxide layers several microns in
thickness are normally present on the fuel rod ID surface.

The crack formation stage involves the initiation of a crack
nucleus, i.e. a small crack, in the metal surface. The role of materials
variables is important since analysis of the initiation is normally
reported in terms of a microstructural feature such as intermetallic and
inclusion particles, intergranular sites, pits and flaws, hydrides, and
transgranular sites. The reported behavior tends to be confusing and
contradictory so consideration is delayed until the Discussion, Section 7.
Initiation that is clearly intergranular in character is often (but not
always) observed in recrystallized material in both irradiated and
unirradiated condition [76,78,118].

Crack propagation occurs primarily by cleavage near the hasal
plane complemented by ductile tearing and fluting. In some cases
intergranular propagation is observed [12,118]. Crack growth occurs
normal to the applied temsile stress and crack branching is sometimes
observed at high stress levels. The appearance of fracture surfaces from
power reactor faillures, laboratory ftests on irradiated material, and
laboratory tests on unirradiated material are indistinguishable indicating
that the mechanism for propagation is potentially the same.

Cladding rupture occurs when the ligament between the crack tip
and tube OD reaches plastic instability and fails by shear. The crack
opening at the tube OD is low, i.e. '"pinhole" failure, at low stress and is
large, characterized by a short axial split, at high stresses. This
process is modeled by Smith [137]. Service cracks are almost exclusively

pinhole type failures.
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2.3.2 Remedies

To alleviate the PCI problem one or more of the three necessary
conditions for stress corrosion cracking, i.e. stress, environment, and
material susceptibility, must be negated. The remedies are evaluated in
this context. Two classes of potential "fixes" are being considered:
coatings and barriers, and fuel redesign.

The coatings and barriers are discussed in Section 2.2.3.5.1
so they are only summarized here. The graphite coatings [12,83] were
originally intended to reduce the frictional stress on the cladding by
acting as a lubricant, however, recent work [99] indicates that the
graphite is more likely to function as a chemical barrier. Siloxane is
a chemical barrier. The metal barrier coatings [76] under consideration
are copper and pure zirconium. The copper is immune to SCC so it functions
as relatively inert barrier to fission products. The pure zirconium liners
are susceptible to SCC but a greatly reduced level so they represent a
change in the material susceptibility characteristics.

Several modifications to existing fuel design are being
considered [138]. The present geometry of chamfered edges, dished ends,
and low height to diameter ratio is designed to reduce local stresses on
the cladding. The new designs are annular pellets, differential
enrichment, additives, large grain size, and sphere-pac fuel. The intent
is to reduce the release of fission gases, and therefore fission products
to the clad. Annular pellets and differential U235 enriched pellets (high
toward the outside and low at the center) lower the pellet temperature

reducing fission product release. The additives and large grain size

create a fuel microstructure which better retains fission products.
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Sphere-pac fuel [139] should reduce the stresses imposed on the cladding.
Reductions in fuel pin diameter are intended to reduce the temperature

gradient in the fuel.

2.3.3 Models

Two distinctly different approaches are taken for modeling PCI
behavior and predicting fuel rod failure. Probabilistic models [140-142]
use operating data such as power histories, temperatures, and fuel rod
design and operating variables. A statistical model is constructed to
predict a failure probability which is matched to a data base of actual
behavior. Materials variables and PCI mechanics are usually not
considered in model development.

Mechanistic models:attempt to simulate actual PCI behavior
considering fuel behavior including fission produce release, cladding
mechanical properties, and the mechanics of the fuel cladding inter-
action. Some models consider only the material behavior [106,107,136,
143-145] and can be used as a component in a fuel element failure code.
An alternate approach is incorporation of a failure criteria into a
general fuel performance analysis code [146]. Many of the models are
based, at least in part, on fracture mechanics principles [106,107,136,

144 ,145].
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Melting Points (Tm) and Vapor Pressure at 300°C for

Material

ZrIA

FeI2

Aole
CsI

Cul

CdI

Table 2.2

Several Metal Todides

T (°C)
499*

587
191
620
588

390

*Sublimation

log P (atm)

MI
at_300°C

-2.11
—8-42
-0.80

(-9.70)

temperature

Ref.

53,94
95
95
94
94

94
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TABLE 2.3 SUMMARY OF TEST HETHODS FOR LODINE ST

ORGANIZATION OR TINVESTIGATOR
"
[s0) ~— ~—~
— - ~r ~
o o @ ]
& — ~
Tq - - ’\_D‘ —
598§ oA
— L - - [
T oo 5 8& & 4 o
~ ~ 2 'E © - 5 ]
L u o~ g— % 2 H o
~ ~ = ) )] g @ U ) =3
a = oo ogo o L1 & ]
a 7 = pri— T %N o <] o -i: TYPICAL DA'TA
A Mog o o " b [
TYPE OF TEST 5 ow B E § F33E ¢ g F OBTAINED
CONSTANT DISPLACEMENT
1. Split ring X X X l:r
. P
2. Differential thermal X X X X ey op
expansion mandrel
CONSTANT STRESS ﬁ
1. Internal tube X x y X X X 0 vs tf’ y
pressurization
. 1 vs b
2. Clad segment K4 X X avs te
3. Indentor X X Crack [requency
vs Indentor load
4, Uniaxial tension X X ¥ X
CONSTANT EXTENSION RATE 5 »
1. Fuel swelling X X X X Cpovs &y
simulation
el oyg g, 0
2. Clad segment X £ Y95
3. Plane strain plate X o¢, displacement
specimen at failure
4, Unlaxial tension X X ovs .
CRACK GROWTH
1. Fracture mechanics X X da ok, K §
specimen dt 1t
2. Tubing X 98 vs x _

(a) AECL is Atomic Energy of Canada, Ltd. and represents Cox, Wood, and co-workers ‘
at Chalk River Nuclear Laboratory [12, 44, 82, 83, 100-102] :

(b) GE is General Electric Company and represents work done at GE Corporate Research
and Development Center and Nuclear Energy Division [18, 43, 74, 76-79, 96-98,103]

(c) EPRI is the Electric Power Research Institute which has sponsored research at
NASA-Ames, Argonne National Laboratory, and SRI International [19, 75, 92,
104-107, 109-114]
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=
o~

- Z

0

" -

— o

§ o

o

a c

[ o

@ 7]

i = TYPICAL DATA

= = OBTAINED

ADVANTAGES DISADVANTAGES
tf Simple test, good for screening Stress relaxation above 300°C; no
failures without "catalysts"

X tf- C? Simple test, good for screening; Test chemistry complicated by mandrel;
test at high temperature with do not know stress and strain distri-
proper mandrel bution; stress relaxation; mandrel

masks ID surface; no control over
strain rate; stress range limited
o vs tf' ¢ Stress state well characterized; Pressurization system needed; bulging
X multi-axial stress state represen- can occur at high strains; no local-
tative of fuel cladding; large ized stresses.
strains can be applied
9 vs L Stress applied over localized re- Local strain distribution uncertain
gion; machine - .ch or fartigue crack
can be intro’ ..
Crack frequency Characteriz: initiacion sites; Stress state and strain distribution
N vs indentor load | localized plastic stress and poorly known; no control over strain
" strain; blaxial stress state rate.
X Simple test No SCC failures in iodine

Ofs displacement

Lccal stresses typical of appli-
cation

Good screening test for both ma-
terials and environmental varia-
bles; local stress and strain
requires little material

Plane straln stress state; good
screening test for environmental

Strain distribution not known; must
be analyzed by finite element methods

Local strain and strain rate uncertain
because of small, irregular gage size

Plate material might be metallurgiz-
ally different from cladding; cracks

at failure variables can be initiated at edges of gage
section
g Vs € .§imple test, good for screening No multiaxial stress state
da vs K, K c Plane ¢ -ain loading conditions; Microstructure in crack growth direc-
dt 1SCC data can be used for fracture tion of plate different from tubing;
nechanics design and modelling long crack not representative of
application
gﬂ-vs K Material representative of Uncertainty about applying fracture
dt service material

mechanics to thin gage sectilon

cv-workers

ate Research
¢, 96-98,103]

csearch at

(d) KWU is Kraftwerk Union AG and denotes work done at that company [38, 81, 115]

(e) Bettis 1s Westinghouse, Bettis Atomic Power Laboratory and represents work at

that laboratory [87, 89, 116]

g




KNVIRONMENTAL VARIABLES

TADBLE 2.4

COMPTLATION OF 7).

o
5 g - . g
b 3 CHE | i
o o o 8, 5
o
8 S 8 ~ o a 0
TYPE OF TEST v g 0 g q 5 o
Specimen Type L] g q B 00 o ) “ a
Investigator or DATA 88 g 3 g o & 1 5
Laboratory (a) COLLECTED = o . om o= ] o &
CONSTANT DISPLACEMENT .
Split Ring {82,101,
AECL o, vs L, [82] 102] (831 ca(83] | (82,83] ey
van der Schaaf [B4] - X
Wilson et al. [121) - X
Dif ferential Thermal
Expansion Mandrel
Bettis [B1] gy Vs tg Ca
UKAEA gy b 180,85] 1851 |
Une [88] cpr b X X X
Rogenbaum (6] = X
CONSTANT STRESS '
Internal Pressurization
EPRT ovs bgy Ly (109} {111,113} (109,110} [}
KWU 0, bpy £p [38,81] [38] (38] (8]
Bettis avs te, € (87,89,116] {87] (871 Cs [B7,89]) [116])
UKAEA [85] ovs te. € X
Videm and Lunde ave tg, € [86,120) 186) 186,120] [86] 186)
Wilson et al. {121} ova tg X
Clad Segment
GE [74] o vs t, cs,Cd
Kwu (81,115] E va t &t const. O X
Indentor
EPRI crack freq. vs p [75] (751 (1141
Van der Schaaf [84] force to crack X X
CONSTANT EXTENSION RATE
Uniaxial Tension
GE [43,97,98) ¢ vs displacement X
L. ! _Swelling Simulation
UKAEA [85] cracked/not cracked
Une [90,91) €avg.' °f X
AECL ter €y € Cs[44],cd[99]
f
load vs €
€¢ core displ.ru:g (18] [18}) cd(18,76]
Plane Strain Clad Sagment N
€, V8 £, O VB €
GE £ [74,77]
Une [91] €, 50.9 va € X X X X
Plane Strain Plate Specimen
GE ovs € [78], 0 vs
displ.[79], red. in thick.
. at failure {91,103] 1791 cd (74) (103]
CRACK GROWTH
Fracture Mechanics Specimen
AECL (44,82,100] da/de vs K, Kpoon ca [44)
EPRI [92] Kiscc X
Tubing
Videm and Lunde [117-119] da/dt vs K X

(a) See Table 2.3 for explanation of laboratoriea
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- g
0 U w
6w 8
<9 o
-0 u
= )
@ -
- o -
~ u g
i ®» 23 &
] Lol .o o
M § N EXPERIMENTAL FACTORS POSSIBLY
i o 0
q g & L2 X AFFECTING CHEMISTRY COMMENTS
23] [82) (83) (101]/ Add iron or air as catalysts No lallures without catalysts, no failures In liquid Cs [83)
X Add iron in one batch No fallures
X Add iron One of three lots fafl
Stainless steel mandrels No [ailures in somu tests [87)
[80] Brass, aluminum and stanless steel mandrels ,
Al alloy, brass, and stainless steel mandrels Crack initlated at tube OD
X Stainless steel mandrel
[111,113)[104]] Iron transported from fittings to specimen surface Blaxlal tests (112]
[81] Break lodine ampoule with stainless steel ball [81] Calculate € = vg/tg
89} Alr not removed before pressurization in some tests [87) | o fallures in Cs tesLs
Steel volume displacing mandrel
(86,120][120] [86] Moisture and air often not removed prior to test
X
X | Flowing Ar + 12 atream
Stainless steel test chamber Split ring test, separates initiation and propagation
[75] [114] (114} Flowing Ar + I stream Examine ctack initiation sites; test tube and sheet
X Stainless steel test chamber Indentor forces crack to propagate through specimen
Cs, Cs/Cd, solid and liquid Cd Screen several environments for cracking susceptibility [43)
Aluninum and stainless steel mandrel Compression of mandrel necessary to fall low strcength cladding
X X Al plug with Al,0; annulus
99] Al plug with Al,03 annulus, stainless steel ram Strain rate calculated from test machine cross bend speed
Zirconium core, WC 1inserts, Al;03 annulus (17-7 pH
76) [18] [18] |<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>