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The ingress of hydrogen during corrosion in service can degrade the
mechanical properties of zirconium alloy nuclear fuel cladding because of the
formation of brittle hydrides. The formation of these hydrides is reviewed in
light of recent synchrotron radiation experimental results and phase-field
modeling computational results that provide new insight on the process.

INTRODUCTION

In the nuclear reactor environment, both the fuel
and the fuel cladding evolve under the influence of
various driving forces such as temperature, radia-
tion damage, fission product creation, stress, corro-
sive environment, etc.! In light-water reactors,
there is considerable experience on the behavior of
zirconium alloy nuclear fuel cladding up to burnup
levels of up to 30-35 GWd/ton and corresponding
exposures. However, driven by the need to minimize
waste volume, increase capacity factors, and reduce
fuel costs, the industry has increased the average
discharge fuel burnup with a consequent increase in
exposure time.? Such increases take the fuel into an
operation regime in which fuel degradation mecha-
nisms are less well understood. In addition to
increased radiation damage (the number of dis-
placements per atom (DPA) increases roughly in
proportion to the reactor exposure), increased cor-
rosion of the fuel cladding can occur, with a con-
comitant increase in hydrogen ingress. This increased
corrosion is caused not only by increased exposure
but also by the fact that the primary water chem-
istry is more aggressive, due to the additions nec-
essary to operate at higher burnup. Finally, utilities
are proposing or have received licenses for power
uprates in many reactors. Power uprates allow
utilities to squeeze some additional power out of
existing units, which causes increases in the outlet
temperature and some boiling to occur in the core of
pressurized water reactors. Thus, the fuel operates
at a higher temperature with increased radiation
damage and under more aggressive chemistry. All
of these factors combine to significantly increase
the duty® on the fuel cladding (higher radiation
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damage, increased corrosion and hydriding, CRUD
deposition, etc.), and it is necessary to show that
fuel failures will not increase as a result.*

By fuel failures, it is meant cladding failures. As a
result, the proposed more severe duty cycles require
greater resistance of the cladding to failure, espe-
cially in view of the industry’s stated goals of zero
fuel failures.? Some of the principal mechanisms of
failure during longer reactor exposures are related
to hydrogen ingress during corrosion, associated
with the formation of brittle hydrides and concom-
itant degradation of mechanical properties.® In this
article, we discuss the formation of hydrides within
the fuel cladding during reactor exposure and the
influence of particular hydride microstructures on
cladding ductility.

HYDRIDE FORMATION

The hydrogen entering the cladding remains in
solid solution until the solubility limit is reached.
The terminal solid solubility of hydrogen in Zircaloy
CH ;. has previously been measured and is given by

C%, =Aexp(—Ey/T)

where A is a constant, equal to 1.2 x 10° wt. ppm,
and Ey; is the is the difference in partial molar heat
of solution of hydrogen in solid solution and partial
molar heat of solution of hydrogen in hydrides. The
numerical value of Ey/kg is 4,300 K.57 At the
reactor fuel cladding temperature (approximately
340°C at the outer tube diameter and 370°C to
380°C at the inner tube diameter), the hydrogen
solubility is 100-150 wt. ppm. The hydrogen solu-
bility in Zircaloy in the reactor environment can
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differﬁfrom the value above, as discussed by McMinn
et al.

The hydrogen terminal solid solubility (T'SS) is
different when measured in dissolution or in pre-
cipitation (TSS4q and TSS,), that is, a hysteresis is
observed that causes hydride dissolution to occur at
a higher temperature than hydride precipitation.®
Figure 1 shows the hydride dissolution and precip-
itation temperatures, as determined using in situ
synchrotron radiation diffraction and compared to
differential scanning calorimetry (DSC).?

Response to Thermal and Stress Gradients

Because hydrogen is quite mobile in Zr alloy
cladding, the presence of temperature and stress
gradients induces inhomogeneous hydride distribu-
tions. In general, because failure will occur in the
weakest spot in the cladding, the local hydrogen
content is more important than the average hydro-
gen content to determine failure. Therefore, an
estimation of this variation is crucial to the assess-
ment of fuel safety, both in the reactor and in dry
storage.

Hydrogen tends to concentrate in the colder
regions and in regions of high stress concentration.
For example, it is well known that a hydride rim
forms in Zr alloy cladding at high burnup. The
explanation for the formation of such a rim is that
the outer skin of the cladding tube is cooler, and
thus, the hydrogen solubility limit is reached there
first. Figure 2 shows a hydride rim formed during
reactor exposure.

The concentration of hydrogen in specific spots
can in fact occur in the three principal tube direc-
tions. In the radial direction, as mentioned above,
the lower temperature in the cladding outer rim can
cause hydride formation to occur there first. In the
axial direction, increased corrosion in the upper
grid spans causes the hydride concentration to
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Fig. 1. Hydrogen dissolution and precipitation temperatures as
determined using in situ synchrotron radiation diffraction and com-
pared to DSC results.®°
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increase with height. In addition, the interpellet
region is colder, causing hydrogen to concentrate
locally in that region. Although at first glance,
symmetry considerations would preclude hydrogen
accumulation in the azimuthal direction, studies
have shown that the azimuthal concentration of
hydrogen can vary considerably.'®!® Examinations
of the cladding material shown in Fig. 2 (from H.B.
Robinson, 67 GWd/t) show an average hydrogen
content of 600 wt. ppm but a variation of +200 wt.
ppm around the circumference. Also, the loss of
oxide by spallation that can occur in high burnup
fuel increases the local thermal conductivity,
resulting in a cold spot where hydride blisters can
form Ref. [14].

In addition to responding to thermal gradients
normally present during reactor operation, hydro-
gen can respond to stress concentrations such as a
crack tip. The elevated stress is thought to effec-
tively decrease the hydrogen solubility near the
crack tip causing preferential hydride precipitation.
The hydride precipitate can then advance, creating
a new stress concentration, and the process
repeats.’® This is the phenomenon of delayed
hydride cracking (DHC), which is of greater concern
in the Canadian heavy water reactors, but can occur
in some light water reactors as well 516720

Hydride Precipitation

The stable hydride phase at low temperature is
the delta hydride phase, which is in fact the phase
normally observed experimentally,?"?? although the
gamma phase can be observed at high hydrogen
contents.?® Hydrides normally precipitate as plate-
lets whose normals are parallel to the radial direc-
tion. The orientation relationship of 0001ycpz.//
111412 has been discerned.?! The macroscopic hy-
drides are said to be composed of several smaller

Fig. 2. Cross section optical micrograph of Zircaloy-4 alloy cladding
in high-burnup PWR fuel (H.B. Robinson, 67 GWd/t, containing 600
wt. ppm H), showing a rim of hydride precipitates near the outer
surface (photo courtesy M. Billone, Argonne National Laboratory).
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stacked hydrides aligned with the overall orienta-
tion of approximately [1017],***° and they have
some preference for nucleation at the alpha grain
boundaries.

The Zr-H binary phase diagram®® contains sev-
eral metastable and stable hydride phases including
the stable face-centered cubic (fcc) 6 phase, the
metastable face-centered tetragonal (fct) y phase (¢/
a > 1), and the fct ¢ phase (c/a < 1). As Zr alloys
pick up hydrogen in service, hydrides start to
nucleate and grow when the hydrogen concentra-
tion reaches its solubility limit in the alloy. At the
same time, the formation of hydrides leads to
anisotropic elastic and plastic deformations. The
interfacial energy between hydrides and Zr matrix
tends to be highly anisotropic due to the mixed
coherency of the interfaces, i.e., the habit plane is
coherent and the edge plane is semicoherent or
incoherent. The estimated interfacial energies are
Vhabit ~ 0.065 and 7yegge = 0.28 (in J/m?).2” As a re-
sult, different thermomechanical loading conditions
can produce quite different hydride precipitate
microstructures. The morphology and spatial dis-
tribution of hydrides are crucial for understanding
the fracture initiation and, thus, for improving the
long-term stability of Zr-alloys against failure.

Conventional theoretical treatment of hydride
precipitation in Zr alloys typically uses simplifying
assumptions. For example, the diffusion of hydro-
gen atoms under the influence of a stress gradient is
usually described by the conventional diffusion
equation while ignoring the elastic and chemical
interactions among hydrogen atoms. Often, only a
single hydride is allowed to grow, and hence, hy-
dride-hydride interactions are not considered. Iso-
tropic elasticity is usually assumed for determining
stress distributions, and the polycrystalline nature
of the alloy is ignored.

A powerful method for modeling hydride micro-
structure evolution is the phase-field method.?*-3°
In a phase-field model, an inhomogeneous micro-
structure (i.e., hydrides embedded in a polycrystal-
line Zr matrix) is described by a set of field variables
that represent the local hydrogen concentration,
orientational variant distributions and morphology
of hydrides, and the grain orientations of the poly-
crystalline Zr matrix. The total free energy of such
an inhomogeneous microstructure includes contri-
butions from local bulk chemical free energy den-
sity, interfacial energies, and strain energy. The
temporal evolution of the hydrogen concentration
field is obtained by solving the Cahn-Hilliard
equation®® and that of the nonconserved order
parameters describing the hydride variant and Zr-
matrix grain orlentatlon distributions by the Allen—
Cahn equation.?? With the phase-field method, it is
possible to obtain the temporal and spatial evolutlon
of hydrides during precipitation under both uniform
and nonuniform applied stress as well as plastic
deformation. The model automatically takes into
account the interactions among hydride particles.
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The inhomogeneous elasticity can be efficiently ta-
ken into account for polycrystalline materials
within the phase-field model.?® The nucleation pro-
cess can be introduced by either the Langevin noise
method®* or the explicit nucleation method usmg
either sharp-interface crltlcal nucle1 35 or using
diffuse-interface critical nuclei.?

The phase-field method has been applied to the
modehng of the morphology of y-hydride formation
in Zr-alloys.?*3"*2 The y-hydrides are experimen-
tally observed to be platelets parallel to the {1010}
planes of the matrix. On the (0001) plane of hex-
agonal zirconium matrix, they appear needle-like
with axis along the three (1120) directions. Due to
the significant structural difference between the
hydrides and Zr matrix, elastic strain energy plays
a dominant role in determining the hydride mor-
phology. Without external load, all three equivalent
variants appear with the same probability during
the nucleation process and grow along habit plains
with an angle about 120 deg between each other.
Figure 3a shows an example of morphology and
spatial distribution of -hydrldes obtained from a
phase-field simulation.?* Different variants arrange
in such a way that the strain energy caused by the
variant is minimized. However, if an external strain
or stress is applied during a precipitation process,
then hydrides tend to align perpendicular to the
direction of the applied tensile load, as shown in
Fig. 3b. The stress effect and variant alignment are
most evident during the initial nucleation stage. As
expected, the hydride density is higher at grain
boundaries than in the corresponding bulk. Intro-
duction of an inhomogeneous stress field due to a
structural defect, e.g., a notch, produces higher
density of hydride precipitates at the notch tip area.
It is shown that the hydrides appear in the direction
perpendicular to the notch surface at the notch
boundary, and the hydrides in the area away from
the notch tip arrange in a circular-like shape. The
morphology pattern obtained from the simulation is
qualitatively in agreement with the experimental
observation. However, a significant difference be-
tween simulation results and experimental obser-
vation exists presumably because the plastic
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Flg. 3. (a) Morphology and distribution of y-hydrides along the basal
plane of Zr matrix. gb) Variant orientation of y-hydrides under an
applied stress/strain.®*
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deformation around the notch area was ignored in
the simulation. To take into account the effect of
plasticity, an elastoplastic phase-field model was
developed to simulate the morphology evolution of
hydride precipitation in zirconium bulk material
with or without flaws. It is shown that the plastic
deformation significantly decreases the stress level
around hydrides. In addition, an externally applied
stress not only leads to stress reorientation of
hydride precipitates but also may result in crack
initiation at the hydrides.?*

The most commonly observed hydride in Zr alloys
exhibits the J crystal structure. According to the
phase diagram, the equilibrium compositions at
room temperature are approximately X, ~ 0.08 and
X, ~ 0.58.26 Its formation involves a structural
transformation from the hexagonally close packed
(hcp) (a-phase) to the fcc (0-phase) with a large
volume expansion (~16%), leading to a plate-like
shape for ¢ precipitates embedded in the Zr-alloy
matrix (the lattice parameters of « and ¢ phases are
a, = 3.23, ¢, = 5.15, as = 4.77 [in angstroms*®). The
stress-free transformation strain can be obtained by
(I) shearing of the hcp lattice to change the (0001)
plane stacking sequence, (II) lattice distortion along
the basal plane, and (IIT) lattice expansion along the
c-axis. The orientation relationship between «-Zr
and §-ZrH, is (111);//(0001),0r [110]5//[1120],.**
Heo et al.* recently conducted phase-field simula-
tions of J-hydride formation in both single-crystal
and polycrystal zirconium.*® The simulations accu-
rately predicted the multivariant nature of o6-hy-
dride plates in a Zr matrix. The habit planes of both
individual variants and the multivariant plates ob-
tained in the simulations agree with the existing
experimental observation of the orientation rela-
tionship between «-Zr and J-ZrH,.** Phase-field
simulations of J-hydride reorientation under an
applied stress are currently underway, and the re-
sults are being compared with in situ synchrotron
measurements.’

EFFECT OF HYDRIDE CONCENTRATION
AND DISTRIBUTION ON CLADDING DUC-
TILITY

The precipitation of these hydrides has signiﬁcant
impact on cladding ductility and failure**~*® but not
much impact on mechanical deformation.* In par-
ticular, the hydrides affect the resistance of the
cladding to failure durin& a postulated reactivity-
initiated accident (RIA),°°%! which is one of the
more challenging events for cladding survivability.
An RIA may be caused by a control rod ejection or
drop, inducing a near-instantaneous increase in
reactivity in the nearby fuel rods. As a result of this
reactivity insertion, the fission rate increases expo-
nentially until the effect of Doppler broadening
stops the chain reaction. The energy deposited in
the fuel during the reactivity excursion causes the
temperature of the fuel to increase, which in turn

Motta and Chen

causes the fuel to expand and impinge on the clad-
ding. Because this excursion occurs very fast, the
cladding may remain close to its nominal operating
temperature when the fuel impacts it. If the clad-
ding has become embrittled from hydrogen ingress
during reactor operation, then it can fail during
such a transient. The possibility of such an accident
has been recognized previously, and tests were
conducted to establish the enthalpy limits to avoid
fuel failure during a RIA.?® Recent research showed
that such limits may be degraded by long-term
exposure of the fuel cladding to the reactor envi-
ronment, causing radiation damage and hydrid-
ing.”* As a result, significant work has been
performed to reassess RIA limits at high fuel bur-
nup.’® %" Figure 4 shows the strain to failure
determined during plane-strain testing of hydrided
Zircaloy-4 containing a hydride rim as a function of
hydride rim depth, for both room temperature and
300°C.%® It is clear that material ductility is severely
decreased beyond a hydride rim depth of about
100 ym.

In these cases, both the stress state and the
loading path are crucial for determining cladding
ductility, and appropriate tests have to be devised
for these conditions.” It is clear, however, that in-
creases in hydride concentration severely decrease
ductility,*®%” especially when these hydrides are
concentrated in the form of hydride rims or blisters
and deformed under a multiaxial state of stress.5®"°
Several of these studies®®’' have shown different
failure mechanisms at room and high temperature.
Further research in this area is ongoing to deter-
mine the exact influence of hydrides on failure in
each case. The use of synchrotron radiation to study
deformation and failure in situ is a promising
technique that can yield unique data of the strain
partitioning between matrix and hydride and dis-
cern the deformation and failure mechanisms.”

Finally, the issue of hydride reorientation during
dry storage and its impact on cladding ductility
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Fig. 4. Strain to failure during testing of hydrided Zircaloy-4.”
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needs to be considered.”®” The drying operations
involved in preparing the material for dry storage
include heating the fuel rods to about 400°C for
several cycles.”>"® The imposed hoop stress from the
fill gas on the cladding as it cools causes the
hydrogen from the hydrides platelets that were
dissolved during the drying operations to precipi-
tate in the radial direction perpendicularly to the
applied stress.”” This can severely reduce cladding
ductility during a postulated drop or handling
accident.” Research is ongoing to determine the
exact conditions (load, temperature history, and
hydride concentration) that lead to a greater radial
hydride fraction and greater embrittlement.”®

7

CONCLUSIONS

Although extensive work has been performed to
understand hydride behavior in zirconium alloys,
much remains to be understood. This is for the most
part because of the complexity of the phenomena
involving coupling among chemistry, thermody-
namics, stresses, and hydrogen diffusion. The recent
use of state-of-the-art experimental procedures,
especially involving in situ measurements, and the
phase-field computational technique promises to
address some of the fundamental questions in this
field, especially when applied in tandem.
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