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ABSTRACT

Zirconium hydride platelet reorientation in fuel cladding during dry storage and
transportation of spent nuclear fuel is an important technological issue. Using an
in situ x-ray synchrotron diffraction technique, the detailed kinetics of hydride
precipitation and reorientation can be directly determined while the specimen is
under stress and at temperature. Hydrided Zircaloy-4 dogbone sheet samples
were submitted to various thermo-mechanical schedules, while x-ray diffraction
data was continuously recorded. Post-test metallography showed that nearly full
hydride reorientation was achieved when the applied stress was above 210 MPa.
In general, repeated thermal cycling above the terminal solid solubility
temperature increased both the reoriented hydride fraction and the connectivity
of the reoriented hydrides. The dissolution and precipitation temperatures were
determined directly from the hydride diffraction signal. The diffraction signature
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of reoriented hydrides is different than that of in-plane hydrides. During cooling
under stress, the precipitation of reoriented hydrides occurs at lower
temperatures than the precipitation of in-plane hydrides, suggesting that applied
stress suppresses the precipitation of in-plane hydrides. The analysis of the
elastic strains determined by the shift in position of hydride and zirconium
diffraction peaks allowed following of the early stages of hydride precipitation.
Hydride particles were observed to start to nucleate with highly compressive
strain. These compressive strains quickly relax to smaller compressive strains
within 30°C of the onset of precipitation. After about half of the overall hydride
volume fraction is precipitated, hydride strains follow the thermal contraction of
the zirconium matrix. In the case of hydrides precipitating under stress, the
strains in the hydrides are different in direction and trend. Analyses performed
on the broadening of hydride diffraction peaks yielded information on the
distribution of strains in hydride population during precipitation and cooldown.
These results are discussed in light of existing models and experiments on
hydride reorientation.
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Introduction

During service in light water reactors (LWRs) hydrogen atoms from the corrosion
reaction and water radiolysis enter the zirconium alloy nuclear fuel cladding, where
they precipitate as a brittle hydride phase [1]. For older alloys, such as Zircaloy-4, at
the high burnup rates used in today’s reactors, oxide layers as thick as 100 um and
hydrogen content up to 700 wt. ppm can be observed in the cladding [2,3]. The
hydrogen precipitates as brittle hydride platelets of the ¢-hydride phase (face-cen-
tered cubic, ZrH..; ¢¢), which leads to a degradation of the cladding ductility [4,5].
Although other hydride phases, such as y- or ¢-hydrides have also been observed
under certain conditions, they are less typical in reactor cladding [6,7]. The o-
hydride platelets are composed of thin plates, the stacking of which results in the
observed orientation of the large macroscopic hydrides seen by metallography. This
orientation depends on the texture, grain morphology, and thermal history of the
material [8]. When precipitated under no applied stress in cladding material,
hydrides tend to precipitate in the circumferential-axial plane. However, stress can
significantly affect the orientation of these hydride platelets: when precipitated
under sufficient stress (such as can be found in used fuel cladding because of fission
gas pressure at temperature), hydride platelets can precipitate with a different orien-
tation in which the hydride platelet normal is parallel to the loading direction [9].
Reorientation of these hydrides can lead to a severe embrittlement of the material,
because hydride cracking can facilitate crack propagation through the cladding
thickness. The conditions of high stress and high temperature, which could lead to
hydride reorientation, could potentially be found during transportation and dry
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storage of used nuclear fuel. Thus the understanding of the hydride reorientation
mechanism is of significant importance for used nuclear fuel storage and
disposition.

Previous studies on hydride reorientation performed with conventional metal-
lography techniques have provided essential information on the threshold stresses
for reorientation and influencing factors [9,10]. However, the study of the detailed
mechanisms of nucleation and growth of reoriented hydrides and the fine structure
of these particles is difficult with such techniques as they can only access the initial
and final states. Recent in situ synchrotron experiments have shown the potential
to study hydride dissolution and precipitation using synchrotron radiation in nor-
mal mechanical test specimen [11,12], and in samples with a stress concentration
[13,14]. The in situ x-ray diffraction technique is used in this article to study the
mechanisms of hydride nucleation and growth with and without applied stress. The
hydride volume fraction, phase and strain states are continuously followed during
dissolution and precipitation. Several samples with no reorientation and full reor-
ientation and different levels of applied stresses are studied.

Experimental Procedures

MATERIAL AND SAMPLE PREPARATION

The material used in this study is cold-worked Zircaloy-4 sheet of 675-um thickness
furnished by Teledyne Wah-Chang. The as-received sheet was stress relieved for 2 h
at 510°C under a vacuum of 10 > Pa, resulting in a cold-worked stress-relieved
(CWSR) state. The microstructure, texture and mechanical properties of this mate-
rial are detailed in [5]. The zirconium grains are elongated in the rolling direction
with an average grain size of 6 um in the rolling direction, 4.5 um in the transverse
direction and 2.5 um in the normal direction. The crystallographic texture of the
sheet is similar to that seen in CWSR zirconium cladding as illustrated in Fig. 1 [15].
The yield stress of this material tested at several temperatures is 5-10 % lower than
that of cladding tube.

The samples are then hydrided using a gaseous charging technique as described
in [11]. This technique starts by removal of the native oxide layer by acid etching
followed by deposition of a thin nickel layer, which will act as a window for hydro-
gen atoms and prevent oxidation. After this step, the samples are heated to 450°C
in a volume filled with a mixture of 88 % argon and 12 % hydrogen to introduce
the hydrogen and held for 1h at temperature then furnace cooled. The hydrogen
content of the hydrided samples was systematically tested using hot vacuum extrac-
tion. The hydrogen contents of the samples in this study range from 150 to 300 wt.
ppm.

Once the samples are hydrided, they are machined into small dogbone-shaped
tensile specimens, the dimensions of which are presented in Fig. 2. It is important to
note that the transverse direction (TD) is along the sample loading direction. The
rolling direction (RD) is perpendicular to the gage section along the plane of the
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FIG.1 (a) Schematic representation of the texture directions in the sheet material used
in this study; (b) {00.2} pole figure of the sheet material used in this study [5];
(c) schematic representation of the texture directions in typical cladding
material; and (o) {00.2} pole figure of typical cladding material [30].
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tensile specimen. The normal direction (ND) is perpendicular to the plane of the
tensile specimen as illustrated in Fig. 1(a).

METALLOGRAPHY

Metallography is performed on the samples to observe the hydride microstructure.
The samples are mounted in epoxy casts, polished to 1200 grit silicon carbide paper
then etched for a few seconds in a solution of one volumetric part hydro-fluoric
acid (HF), 10 parts nitric acid and 10 parts H,O.

FIG. 2 Dogbone specimen geometry (sample thickness was 0.6 mm).
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A small piece of the grip section of each sample is analyzed by metallography
prior to any thermo-mechanical treatment, to determine the starting microstructure
of the samples. Figure 3 shows optical micrographs of the ND-TD cross section of a
typical starting hydride microstructure for different samples (labeled initial). The
hydrides are mostly in-plane (i.e., platelets in the rolling-transverse plane). This is
due both to the texture of the CWSR material, which presents many basal poles
along the normal direction, perpendicular to the rolling-transverse plane and to the
grain morphology. Hydride platelets typically precipitate in an orientation perpen-
dicular to the basal pole because of the J-hydride{111}// a-zirconium{0002} orien-
tation relationship [16] and to the greater availability of grain boundaries of
elongated grains in CWSR. After thermo-mechanical treatment at the Advanced
Photon Source (APS) Synchrotron, the final hydride microstructure is also observed
by metallography.

FIG.3 Thermo-mechanical cycles and hydride microstructure before and after cycle:
(@) sample with 294 wt. ppm of hydrogen, no applied stress, no reorientation; (b)
sample with 246 wt. ppm of hydrogen, 160 MPa applied stress, no reorientation;
and (¢) sample with 192 wt. ppm, 240 MPa applied stress, and reorientation.
Note: all micrographs are 500 um in width.
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THERMO-MECHANICAL TREATMENT

Three different thermo-mechanical treatments are performed in this study on three
different samples with similar levels of hydrogen. These thermo-mechanical treat-
ments are shown for each sample in Fig. 3. The resulting hydride microstructure for
each sample is also presented alongside the initial hydride microstructure in Fig. 3.
In the treatment shown in Fig. 3(a) the sample is heated to full dissolution (450°C
for 294 wt. ppm of hydrogen) and cooled without any applied load. In this case, the
resulting hydride precipitates are mostly in-plane because of the initial texture.
When a sample is heated to full dissolution and cooled with a low applied stress of
160 MPa, the final hydride microstructure is similar to the unstressed sample with
most of the hydride platelets in the in-plane direction as can be seen in Fig. 3(b).
Finally, when a sample is heated until all the hydrides are dissolved and cooled
under a high applied stress of 240 MPa, many hydrides reorient upon cooling, as
seen in Fig. 3(c). The radial hydride fraction (RHF) is calculated as a weighted aver-
age of hydride lengths where hydrides with an orientation between 0° and 40° to
the transverse direction have a weight of 0, hydrides with an orientation between
40° and 65° have a weight of 0.5, and hydrides with an orientation of 65° to 90°
have a weight of 1. More details on the methods of determining the RHF are
described in [11]. Calculations based on image analysis of the hydrides as described
in [11] show that the radial hydride fraction is approximately 60 % after one thermo-
mechanical cycle. After two thermo-mechanical samples under 240 MPa, full reorien-
tation is achieved (RHF ~100 %). This indicates that the threshold stress for hydride
reorientation for this CWSR Zircaloy-4 sample is between 160 and 230 MPa, which is
consistent with literature results [17].

SYNCHROTRON X-RAY DIFFRACTION

X-ray diffraction (XRD) experiments were performed at beamline 1-ID at the
Advanced Photon Source Synchrotron at Argonne National Laboratory. A detailed
description of the transmission in situ diffraction technique and data analysis can
be found in Refs 11 and 18. A 76-keV x-ray beam was used for these experiments,
which allows transmission of the x rays through the sample thickness. The diffrac-
tion rings obtained are recorded onto a two-dimensional (2D) amorphous silicon
detector allowing for some texture information to be measured. Diffraction data is
recorded every 30s during heating and cooling of the sample, allowing for the full
hydride dissolution and precipitation kinetics to be studied.

The obtained diffraction rings are integrated along specific azimuthal directions
(£5°). Families of planes perpendicular to the TD (direction of the applied stress)
and perpendicular to the RD are studied in this experiment. Once integrated, the
diffraction peaks are then fitted using software called General Structure Analysis
System (GSAS) by iterative refinement of the peaks’ shapes, intensities, and widths
[19]. The peak shape chosen for these fits is a pseudo-Voigt shape, which is a con-
volution of Gaussian and Lorentzian shapes typically used for synchrotron diffrac-
tion peaks. The focus of this study is on the most intense hydride peak {111} and
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its neighboring zirconium {10.0} peak. The fitting error for the zirconium «{10.0}
peak in a sample with 294 wt. ppm of hydrogen in the TD at room temperature is
less than 1 % for the peak intensity and 0.002 % for the d-spacing (which corre-
sponds to an error of about 0.01 millistrain for the zirconium elastic strain at room
temperature). For the {111} hydride peak in the same sample at the same tempera-
ture, the error is less than 5 % for the peak intensity and 0.023 % for the d-spacing
(which corresponds to an error of approximately 0.22 millistrain for the hydride
elastic strain at room temperature). At 400°C where the hydride peak is much
smaller, the error for the hydride peak become close to 45 % for the peak intensity
and 0.36 % for the d-spacing (which corresponds to an error of approximately 3.5
millistrain for the hydride elastic strain at that temperature). The error for the fit-
ting of the zirconium peak is the same at 400°C than at room temperature. The
error bars were not represented for the zirconium and hydrides strain plots in Figs.
7-13, and for the Williamson-Hall plots in Fig. 16 for the sake of clarity, but the error
values mentioned above applicable to all observed samples. The value of the typical
error in the Williamson-Hall plots in Fig. 16 is equivalent to the scatter in the data.

Results

DISSOLUTION AND PRECIPITATION KINETICS
As described in Ref 11, the integrated intensity of the hydride peak 6{111} can be
followed continuously during heating and cooling of the sample. The heating rate
for the samples observed in this study is 25°C/min and the cooling rate is 1°C/min.
As the sample is heated and hydrides dissolve, the hydride peak intensity decreases,
reaching zero when full dissolution is achieved, which allows determination of dis-
solution temperature, T;. When hydrides start to re-precipitate, the hydride peak
reappears at the precipitation temperature T), and increases as more and more
hydrides precipitate. After full re-precipitation is achieved, the hydride peak inten-
sity is similar to the initial value for sample cooled under no applied stress. The
determination of T, and T, was performed for several samples of various hydrogen
contents, and the results compared with differential scanning calorimetry (DSC)
determination [11]. Figure 4 shows the experimental T,; and T, compared to T,; and
T, curves determined in Une and Ishimoto [20] using differential scanning calorim-
etry [11]. The measured T, and T, for all samples correspond reasonably well with
the temperatures measured in Ref 20 using DSC. The temperature hysteresis
(T4— T,) is also similar to that observed in Ref 20. The temperature error bars in
this figure were determined by the heating/cooling rate and the time between
acquisitions of successive diffraction patterns. The good agreement between the
synchrotron XRD technique and the DSC techniques validates the use of the XRD
technique to study hydride dissolution and precipitation.

It is interesting to note that when hydrides are already present at the start of
cooling (full dissolution not achieved) the hysteresis disappears. This is illustrated
in Fig. 5, which shows the hydride diffraction signal from a sample containing

m3
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FIG. 4 Dissolution and precipitation temperatures measured from in situ XRD
compared to DSC [20].
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FIG. 5 Evolution of the intensity of the hydride 6{111} peak intensity with temperature
when full dissolution is not achieved (CWSR Zircaloy-4 sample with 246 wt. ppm
of hydrogen.
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246 wt. ppm of hydrogen, which was subjected to a heat treatment at 400°C (T, for
246 wt. ppm of hydrogen is 430°C). Because not all the hydrides dissolve in these
conditions, hydrides are already present when cooldown starts. As shown in Fig. 5,
the diffracted intensity starts to increase as soon as the temperature is decreased
(without hysteresis) indicating that the hysteresis is linked to the initial hydride
precipitation.

To understand the mechanisms of hydride reorientation, it is important to
understand the effect of stress on hydride precipitation. Studies have shown that
whereas stress does not significantly affect the solubility of hydrogen in Zircaloy, it
has a strong effect on hydrogen mobility [21,22]. However, most of the studies on
the effect of stress on hydride precipitation have been performed on samples in
which hydride reorientation did not occur. The effect of stress and reorientation on
hydride precipitation kinetics is presented in this study. The precipitation tempera-
ture was measured for samples with different hydrogen content where the hydrides
were dissolved without applied stress then precipitated under different levels of
applied stress (no stress, low stress below threshold stress for reorientation, and
high stress above the threshold stress for reorientation). The ratio of the precipita-
tion temperature measured in situ by XRD over that expected for unstressed mate-
rial from DSC [20] is presented in Fig. 6. For samples precipitated under no applied
stress and under low applied stress (60-160 MPa), it can be seen that the ratio is
close to one which signifies the precipitation temperature remains well within the
values obtained from DSC [20], and thus no significant effect of stress on T, is
observed for samples in which no hydride reorientation occurs. This is consistent
with the literature results by Kammenzind et al. [21]. The error bars in Fig. 6 were
determined by the heating/cooling rate and the time between acquisitions of succes-
sive diffraction patterns similarly to those presented in Fig. 4. The effect of stress on
the dissolution temperature is not presented here, because in most of our studies dis-
solution was performed under no applied stress (previous studies on the effect of
stress on the dissolution temperature are presented in Ref 11). The precipitation tem-
perature measured for samples precipitated under high applied stress (between 230
and 240 MPa), which showed some hydride reorientation are presented on the right-
hand side of Fig. 6. It can be seen that for samples in which hydride reorientation
occurs, the precipitation temperature is below the value measured from DSC. This
means that a greater degree of undercooling is required to precipitate hydrides in the
reoriented direction than to precipitate hydrides in their common in-plane

orientation.

EFFECT OF HYDROGEN IN SOLID SOLUTION ON ZIRCONIUM STRAINS

The study of the diffraction peak positions of the hydride 6{111} and zirconium
2{10.0} gives information on the elastic strains of these two phases during hydride
dissolution and precipitation. The zirconium strain represented here is the uniaxial
strain calculated using the first data point at time zero (room temperature) in the

following manner:

ms
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|
FIG. 6 Ratio of the precipitation temperature measured in situ with XRD for several
CWSR Zircaloy-4 samples with hydrogen content ranging from 80 to 530 wt.
ppm precipitated under different levels of stress (no stress, low stress of
60-160 MPa and high stress between 230 and 240 MPa) over the predicted
precipitation temperature without stress from DSC [20]. The threshold stress for
hydride reorientation for this material is ~200 MPa.

1.2
No Reorientation Reorientation
1.15
» 0 MPa 60-150 MPa 230 MPa

b=
o
G

Tp frog1 XRD / Tp from DSC
©
Iv] [E

0.9

0.85
08 -
g FEEEESEEE € S SESESESE
S S R N IR RPN
Y O 9 K 9 NN NTONTNTNTNTNT N AT Y

, _ d({hk1}, T) — d({hki}, 30°C)

d({kl}, 30°C) (0

The reference d-spacing at room temperature for the zirconium peaks comes
from the first diffraction pattern, which was recorded at room temperature (30°C)
before any thermo-mechanical treatment. The formula above is only valid for the
calculation of the zirconium strain; for the calculation of the hydride strain, the
same formula is used but the reference d-spacing is no longer taken at 30°C. Fur-
ther discussion on the reference d-spacing for the hydride strain calculation is pre-
sented in the next section.

By taking an unhydrided Zircaloy-4 sample through the temperature schedule
for dissolution and precipitation and measuring the d-spacing increase with tem-
perature, the coefficient of thermal expansion in the “a” direction for the hexagonal
structure was calculated to be about 6.2 x 10 °°C ™" in the transverse direction and
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]
FIG. 7 Schematic of the effect of hydrogen in solid solution on zirconium strains with
temperature in unhydrided and hydrided samples.
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5.6 x 10°°°C™" in the rolling direction. Using the evolution of strain in the zirco-
nium ¢{00.2} peak with temperature, the coefficient of thermal expansion in the “¢”
direction was found to be 8.2 x 10 °°C ™" in the transverse direction (there are
almost no basal planes in the rolling direction, so the coefficient of thermal expan-
sion was only calculated in the TD). These values are in close agreement with the
previously reported values of the thermal expansion in the “a” direction, which is
58 x 10°°°C™", and that in the “c” direction, which is 7.6 x 10 °°C™" for CWSR
Zircaloy-4 [23].

The zirconium strain behavior of hydrided samples during heating and cool-
ing is slightly different than that of unhydrided samples. An additional contribu-
tion to the zirconium matrix strain is caused by hydrogen atoms in solid solution
as the hydrides dissolve and re-precipitate. The expected effect of hydrogen atoms
in solid solution on zirconium strains is schematically represented in Fig. 7. As the
temperature increases from room temperature, the zirconium o{10.0} d-spacing
increases proportionally as predicted by the thermal expansion coefficient of
6.2 x 107 °°C™" in the transverse direction. When hydrides start to dissolve, the
hydrogen atoms in solid solution cause an additional expansion of the zirconium
planes (red, right-most curve in Fig. 7). This additional expansion ends when all
hydrides are dissolved (T,) leaving again only thermal expansion strain. During
cooldown, the same process is seen in reverse as the hydrogen atoms are removed
from solid solution for T'< T,.

Thus, the change of slope in zirconium d-spacing can also be used to determine
the dissolution and precipitation temperatures. Figure 8 shows the measured strain

m7
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FIG. 8 Strainin TD in the zirconium a{10.0} peak in a sample with 129 wt. ppm of
hydrogen heated and cooled under no applied stress. The strain in unhydrided
material is represented as well.
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in the TD for the zirconium «{10.0} peak in a sample with 129 wt. ppm of hydro-
gen. As the temperature increases, the strain initially follows the expected thermal
expansion behavior. At around 250°C, significant hydride dissolution starts to
occur. This process accelerates, until above 380°C (T,) the strain again follows the
thermal expansion curve (all hydrogen in solid solution). Upon cooling, a change of
slope of the zirconium strain occurs at about the hydride precipitation temperature,
as hydrides start precipitating and fewer atoms remain in solid solution in the ma-
trix, which reduces strain. Once most hydrides have precipitated, the zirconium
strain becomes again governed by thermal expansion only. The deviation from the
ideal d-spacing is more pronounced for samples with higher hydrogen content, as
can be seen in Fig. 9 where zirconium strains in a sample containing 294 wt. ppm of
hydrogen are shown. These effects of hydrogen on zirconium strains are coherent
with the schematic representation of Fig. 7.

The hydride phase elastic strains during hydride dissolution and precipitation
can also be studied by a manner similar as in the zirconium phase as presented in
the following paragraphs.

HYDRIDE STRAINS DURING NUCLEATION AND GROWTH
Thermo-Mechanical Cycle Without Applied Stress.

The elastic strain in the hydride as measured using the 6{111} planes in the TD in a
sample with 294 wt. ppm of hydrogen are presented in Fig. 10 as the hydrides are
dissolved and re-precipitated. As the temperature increases, the hydrides dissolve
and the hydride d-spacing follows the same trend as the zirconium d-spacing (as
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FIG.9 Strainin TD in the zirconium a{10.0} peak in a sample with 294 wt. ppm of
hydrogen heated and cooled under no applied stress.
4
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seen in Fig. 9), rather than the thermal expansion coefficient of hydrides of
14.2 x 107%°C~" [23], likely because their expansion is limited by being embedded
in the matrix. In the final stages of dissolution, the hydrogen in solid solution
increases the zirconium d-spacing (as discussed in the previous paragraph), whereas
the hydride d-spacing is very close to the unstressed d-spacing value from the

|

FIG.10 Hydride strain behavior during cooling (calculated from {111} peaks in the TD)
in a sample with 294 wt. ppm of hydrogen cooled without applied stress.
Specific locations noted that A, B, C, D, and E correspond to the schematic in
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]
FIG. 11 Strainin RD in the hydride {111} peak in a sample with 294 wt. ppm of hydrogen
heated and cooled under no applied stress.
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literature [24] calculated at T=450°C, of 2.7672 A. This value of the d-spacing was
found at the final stage of dissolution, approximately, for most samples, and there-
fore this final d-spacing value was taken as the reference value for unstressed
hydride lattice parameter.

Beyond 450°C, all diffraction signals disappear, so the hydrides are completely
dissolved (point A). As the temperature is decreased, precipitation starts to occur
when the temperature falls below the precipitation temperature of 398°C (point B).
At that stage, a small diffraction peak appears. Analysis of the peak full-width at
half-maximum (see section on Hydride Peak Broadening below) shows that down
to 354°C, size broadening is the dominant mechanism. The other feature is that the
0{111} d-spacing in the TD (Fig. 10) and in the RD (Fig. 11) is much lower than the
unstressed value, likely indicating that these particles are under compression at
about 10 millistrains, which corresponds to a stress of 660 MPa at their edges.® The
average compressive strain of the hydride population decreases as the temperature
decreases to 375°C (point C). This could be because of a change of shape from
sphere to plate as the precipitate grows. In the case of platelet-shaped precipitates,
shear stresses can lead to formation of dislocations in the matrix (whereas for
spheres, only hydrostatic stresses are present, thus creating no shear stresses that
generate dislocations). It is also possible that “sympathetic nucleation,” by which a
new hydride nucleus precipitates within the strain field of neighboring hydrides

51t is also possible that this high compressive strain, which is a diffraction peak shift, could be because of
the initially forming hydrides having a slightly different stoichiometry than the Zr/H ratio of 1.66 typical in
the 6-hydride phase. Within the d-hydride phase, a maximum change in d-spacing because of stoichiometry
of 0.002 nm could lead to a pseudo-strain of 4 millistrain [26,27].
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(thus requiring less strain to form), contributes to the decrease in average strain of
the hydride population during precipitate growth in cooldown. The available data
does not enable us to distinguish between these possible causes. In addition, the
phenomenon of high stress zirconium creep could induce local relaxation of the
hydride strains. However, the zirconium diffraction data is averaged over many
grains, a majority of which do not contain hydrides. Therefore, local effects on the
zirconium phase cannot be measured with this technique.

One might consider that the higher differential thermal expansion of hydrides
(142 x10°%°C™Y compared to that of zirconium (6 x 107°°°C™Y [23] could
cause some relaxation upon cooldown as the hydride shrinks away from the ma-
trix. A simple calculation indicates that it would only account for 7 %-10 % of the
strain relaxation observed from 400°C to 375°C [on a temperature change of
50°C, Ehermal difference = 50 X (14.2 X 107° — 6 x 10°) = 0.4 millistrain]. At 375°C,
half of the hydrides have precipitated and the strains start to follow the thermal
expansion of zirconium, i.e., decreasing with decreasing temperature (from point
C to points D and E). This suggests that below this temperature less nucleation
occurs and additional hydrogen precipitation occurs by growth of existing
hydrides. As a consequence, less relaxation is observed associated with a post-
nucleation change of shape and/or dislocation formation. The strain value at
room temperature after the thermal cycle suggests that hydrides are subjected to a
compressive stress of about ~500-700 MPa, which is below the hydride yield
stress of about 800 MPa [26-28] (calculated using a multi-axial stress state) [18].
The observed strain behavior is the same in the rolling direction as in the trans-
verse direction as can be seen in Fig. 11. This is logical because, in both cases, the
planes observed are the side {111} planes of the hydride platelet, and the texture
and microstructure of the edges or the hydrides are expected to be similar in the
TD and the RD.

THERMO-MECHANICAL CYCLE WITH 160 MPA APPLIED STRESS: NO HYDRIDE
REORIENTATION

In the sample studied here, a stress of 160 MPa was applied, which was not suffi-
cient to induce any reorientation of hydrides as seen in Fig. 3. This allows us to
investigate the effects of stress in circumferential hydrides and reoriented hydrides.
Figure 12 shows the strains in the zirconium matrix, calculated using the zirconium
2{10.0} peaks, as a function of temperature in the TD and the RD. The 160 MPa
stress was applied in the TD during cooling. The tensile frame was operated in load
control, ensuring that a constant load was applied on the sample during cooling. As
the temperature increases, the d-spacing increases because of thermal expansion.
When hydrogen starts to dissolve into the matrix in significant quantities, the strain
deviates from thermal expansion as shown in Fig. 12. The change of slope of the zir-
conium matrix strain as hydrides dissolve and re-precipitate is similar to that
observed in Fig. 8. The load was applied at high temperature and removed at 150°C
as shown in Fig. 12. The applied load stretches the zirconium «{10.0} planes in the
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FIG.12 Strainin the zirconium «{10.0} peak in a sample with 124 wt. ppm of hydrogen
heated and cooled under 160 MPa tensile stress: (a) in the TD; and (b) in the RD.
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TD and compresses them in the RD by Poisson’s effect, as seen in Fig. 127 When
the load is removed, the value of the Zr{10.0} d-spacing in the RD returns to its
expected d-spacing value; however, the TD planes remain a little stretched by
approximately 0.2 millistrain compared to the unstressed value in Fig. 8. This could
be because of relaxation of the residual compressive strains of the zirconium matrix
caused by manufacturing of the material (the effect is mitigated in the RD because
of a Poisson’s ratio of 0.32 [28]).

Figure 13 shows the elastic strains in the 6{111} hydride peaks measured in the
TD and the RD for a sample with 245 wt. ppm of hydrogen when cooled under

FIG. 13 Strain in the hydride 6{111} peak in a sample with 245 wt. ppm of hydrogen
heated and cooled under 160 MPa tensile stress: (&) in the TD; and (b) in the RD.
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’When a tensile stress is applied in the TD, Poisson’s ratio is defined as v = —de(ND)/de(TD)
= —de(RD)/de(TD). For small deformations, v ~ Ad(RD)/Ad(TD) = Ad(ND)/Ad(TD) [3].
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160 MPa applied tensile stress. The evolution of hydride strains during hydride dis-
solution shown in Figs. 13(a) and 13(b) is similar to that observed in Fig. 10. This is
logical because hydrides were dissolved under no applied stress. During cooling, the
first regime of precipitation is similar to that of unstressed samples and starts at
about the same compressive strain of 10 millistrain as seen in Fig. 13(a). Even when
formed under stress, hydride particles start as highly compressed small precipitates,
then relax some of these compressive strains as they grow, change shape, and form
dislocations as discussed above. The change to the second regime of precipitation
occurs at 350°C, which is also when half of the hydrides are precipitated as can be
determined by the hydride volume fraction curve obtained from the hydride peak
intensity curve similarly to that obtained in Fig. 10, but not shown here for the sake
of clarity. In the case of the 294 wt. ppm sample, the change of precipitation regime
also occurred at a temperature when half of the hydride population was precipi-
tated. However, the hydride strains observed in this secondary regime at lower tem-
peratures are different from those observed in the unstressed sample. In the
stressed sample, hydride compressive strains depend less on temperature and are
more constant, even though the entire system is cooling. This could be explained by
the fact that under a far-field strain, the zirconium matrix deforms more easily and
transfers some of the tensile strain to the hydride. This load transfer gives enough
tensile stress to compensate for the compressive strains that would otherwise appear
because of cooling. This explanation has been advanced by Kerr et al. when they
studied room temperature deformation of hydrided samples [14]. Finally, this ex-
planation is also in agreement with the fact that when the applied load is removed
at 150°C, the hydrides planes in the RD are slightly less compressed (and those in
the TD are slightly more compressed) than initially at that temperature (seen from
the dissolution curve), which would indicate that some strain relaxation occurs in
hydrides grown under tensile stress.

THERMO-MECHANICAL CYCLE WITH 240 MPA APPLIED STRESS: HYDRIDE
REORIENTATION

In this section, we discuss a sample that has been cooled under an applied stress of
240 MPa, thus leading to hydride reorientation, as seen in Fig. 3. Figure 14 shows the
strain in the hydride 6{111} peak for the planes oriented along the transverse and
the rolling directions. During heating (performed under no applied stress), the
strain curves in the TD and the RD are similar to those observed for unstressed
samples as would be expected. As shown in Fig. 14(a), when the temperature reaches
330°C during cooling, the hydrides initially precipitate in a highly compressed state.
As the temperature decreases further, the magnitude of the strain in the TD
decreases and then actually becomes positive. The hydride strain in the RD, shown
in Fig. 14(b), are also seen to be compressive at the onset of hydride precipitation,
and the compressive strain decreases as the temperature decreases, remaining how-
ever in the compressive regime throughout. Once the secondary regime kicks in,
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FIG.14 Strain of the hydride {111} peak in a sample with 192 wt. ppm of hydrogen cooled
under a 240 MPa applied stress applied in the TD, reorientation of hydrides: (a)
inthe TD; and (b) the RD.
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the strains remain approximately constant, except one is tensile and the other
compressive.

The measured hydride tensile strains in the TD could be because of the fact
that we are now observing reoriented hydride planes on the face of the hydride pla-
telet and no longer on the edge, as for circumferential hydrides and due to the
applied tensile stress in the TD, those reoriented hydride faces could be in tension.
The measured hydride compressive strains in the RD could be caused by the com-
pressive stress applied by the matrix because of the applied tensile stress in the TD
(compression by Poisson’s effect), or because the hydride planes in the RD are the
edges of the reoriented hydride platelets, in contrast to those planes observed in
the TD.

HYDRIDE PEAK BROADENING

The third parameter analyzed by the fitting of the diffraction peaks is the peak width or
full-width at half-maximum (FWHM). The broadening of these x-ray diffraction peaks
can be caused by several factors including instrumental broadening. The instrumental
broadening was measured using a powder standard and removed by quadratic subtrac-
tion [FWHMgmple = /(FWHMeasured” — FWHMinstrumentar’)]. Once  instrumental
broadening has been removed, both strain broadening and size broadening need to be
considered. To quantitatively differentiate between strain and size broadening and to
better understand the general state of strain of the hydrides, an analysis was carried out
using Williamson-Hall plots [29]. The following relations allow us to distinguish
between the two types of broadening;

sin 0 . .
FWHMgample X &lattice os0 strain broadening (2)
cos

0.9
FWHMgmple ¢ ——— = 0  size broadening 3)
tcos 0
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FIG.15 Schematic representation of a Williamson-Hall plot.
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where FWHM, e is the measured Gaussian FWHM minus the instrumental broad-
ening (in radians 20), 0 is the Bragg angle (in radians), &jyice is the root-mean-square
strain, f is the sample particle size (in nm), and Z is the x-ray beam wavelength (in
nm). A Williamson-Hall plot presents FWHM X cos - noted B- as a function of sin 6
for different peaks of the same phase as represented schematically in Fig. 15. Strain
broadening varies with the 20 value of the peak under consideration, whereas size
broadening is independent of angle when plotted in the Williamson-Hall plots. There-
fore, in a Williamson-Hall plot, the slope of the curves plotted is proportional to strain,
and the y-intercept is proportional to the amount of size broadening.

This plot was done for the d-hydride phase using the {111} and {220} peaks
during cooling, the slopes and y-intercept were then obtained for the sample with
294 wt. ppm of hydrogen heated and cooled under no applied stress. The evolution
of the slope and intercept of these Williamson-Hall curves (WH) can then be fol-
lowed as a function of temperature as the hydrides are dissolved and re-
precipitated. The results for these fits are presented in Fig. 16. Fits of higher

FIG.16 (&) Slope, and (b) intercept of the Williamson-Hall plots for a sample with
294 wt. ppm of hydrogen, heated and cooled under no applied stress.
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temperature diffraction patterns are, of course, less accurate than those obtained at
lower temperatures because, at the onset of hydride precipitation, hydride diffrac-
tion peaks are quite small and thus difficult to fit with confidence. The scatter
observed in the determination of the slope is caused in part by the difficulty of fit-
ting small diffraction peaks. In addition, the WH fits in this figure are based on the
only two hydride diffraction peaks available, and thus would add another level of
uncertainty and increase scatter in the WH data. However, the overall trends of the
change of slope with temperature can be discerned in these WH plots.

Indeed, it can be seen in Fig. 16 that the slope of the WH plot decreases as the
temperature increases, approaching zero at the dissolution temperature. This is log-
ical as the strain should decrease as the particle size becomes smaller. In contrast
the y-intercept is small initially, increasing as the particle dissolves. This suggests
that above 375°C, there is mostly size broadening in our samples, whereas below
375°C, the peak broadening is dominated by strain. In Fig. 16(b), the size of the par-
ticles as calculated using Eq 3 is shown. It should be noted that after 325°C, only
strain broadening is detected, so the particle size may be changing without being
detected by the size-broadening technique. The initial diameter of the particles
forming at high temperatures, calculated using Eq 3, is about 25 As. When the par-
ticle size reaches approximately 300 As, the size-broadening effect becomes negligi-
ble compared to the strain-broadening effect.

Discussion

Two different aspects of hydride and matrix strains have been presented in the pre-
vious sections: (i) the evolution of elastic strains calculated from the shift in peak
positions, and (ii) the evolution of the FWHM of these diffraction peaks with tem-
perature. The first yields information on the average elastic strains in the diffracting
phase, and the second on non-uniform elastic strain and the distribution of elastic
strain in the sampled volume as well as information on the size of the diffraction
particles.

In samples cooled without applied stress, at any given temperature above the
solubility limit, the hydrogen in solid solution causes the zirconium lattice parame-
ter to be higher than that of zirconium without hydrogen in solid solution. The pre-
cipitation temperature then corresponds to the temperature at which the lattice
parameter variation with temperature changes slope. This allowed us to verify that
the precipitation temperature matched well with the precipitation temperature val-
ues obtained from DSC.

A simplified view of the precipitation mechanism can be considered as follows.
Hydride particles form as highly compressed, small precipitates as seen in Fig. 17(a)
(the hydride nuclei are represented in dark red because of their high compressive
strain state). The small precipitate size is estimated from the size broadening
observed in the diffraction signal, whereas the compressive strain state is estimated
by the shift in hydride peak position. As the temperature decreases, the hydride
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FIG.17 Schematic of hydride strain behavior during cooling without applied stress: (a)
all hydrides are dissolved, (b) first hydride nuclei appear, (¢) previous hydride
nuclei grown and relaxed (dislocations in the matrix), new hydride nuclei form
less compressed (sympathetic nucleation), (d) all hydrides are precipitated, and
(e) precipitated hydrides in compression because of thermal contraction.
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volume fraction increases as a result of nucleation of new precipitates and growth
of the previous ones. The average strain increases (Fig. 17(b)) indicating that the new
hydride precipitates are less compressed or that some strain is relaxed by plastic de-
formation. This continues until the hydride strain reaches ~—3.5 x 10> at which
point half of the hydride population is precipitated (Fig. 17(c)). From this point down
to room temperature, hydride strains follow the thermal contraction of the zirconium
matrix (thermal expansion coefficient of 6.2 x 107°°C™") instead of the hydride ther-
mal contraction (thermal expansion coefficient of 14.2 x 10 6°C™h. Although the
hydrides would like to contract further away from the matrix, they are forced to fol-
low thermal contraction of the matrix likely because the hydride particles are embed-
ded in the matrix (Fig. 17(d) and 17(e)). From 450°C to 360°C, the hydride {111}
diffraction peaks show predominantly size broadening and the hydride size grows
from 2.5 to 30nm. From 360°C to room temperature, the dominant broadening
mechanism is strain broadening. This strain broadening is constant, showing that the
strain distribution in the hydride population is constant from 360°C to room
temperature.

A similar behavior is observed in samples cooled under an applied stress below
the critical value to reorient hydrides. The zirconium matrix deforms slightly
because of the thermal cycle under applied stress. Hydride precipitation occurs at

n27



n28

STP 1543 on Zirconium in the Nuclear Industry

the expected precipitation temperature for unstressed hydrides. Hydride precipita-
tion is also divided into two precipitation regimes. The first precipitation regime
occurring at high temperature is nearly identical to that of unstressed hydrides. The
onset of the second precipitation regime also occurs when half of the hydride popu-
lation is precipitated. Hydride strains during this second precipitation regime
evolve differently than in unstressed hydrides. The strains in the case of stressed
hydrides remain constant as the hydrides finish precipitating and cool down to
room temperature. This is likely because of the fact that in the presence of the far
field strain, the matrix deforms more easily and transfers load to the hydrides, thus
compensating for thermal contraction. Hydrides are still in compression after the
load is removed in both TD and RD although slightly less in the TD where the ten-
sile load had been previously applied.

In samples cooled under an applied stress sufficient for reorientation, hydride
precipitation occurs at a temperature below the value obtained from DSC under no
load. During the first precipitation regime, the measured hydrides strains are com-
pressive, but as the temperature decreases these strains become tensile in the direc-
tion of the applied stress (TD). During the second precipitation regime, hydride
strains in the direction of the load remain constant and tensile. These strains
remain tensile (although less) even after the load is removed. Hydride strains are
compressive in the direction perpendicular to the load (RD) during cooldown.
These strains also become compressive once the load is removed.

Conclusions

The main conclusions of the study of hydrides in uniformly stressed samples in
cold-worked stress-relieved Zircaloy-4 are presented here:

1. The hydride dissolution and precipitation temperatures were determined in
situ by synchrotron XRD, and validated by comparison to previous DSC deter-
mination finding good agreement in that the hysteresis observed between dis-
solution and precipitation temperatures corresponds to values measured
previously by DSC in the absence of stress. This means that the dissolution
and precipitation temperatures can be directly determined from each sample
examination.

2. For a stress above the threshold stress for reorientation, it is found that the
precipitation temperature is Jower than that of unstressed samples. For a stress
below the threshold stress for reorientation, the precipitation temperature cor-
responds to the unstressed value.

3. The change in hydride d-spacing was measured during hydride dissolution
and precipitation by transmission XRD. Considering that most of the d-spac-
ing change is because of strain, when unstressed hydrides precipitate, two
strain regimes are observed. Hydrides first nucleate as highly compressed par-
ticles, then quickly relax some of these compressive strains by either change of
shape, sympathetic nucleation, or formation of dislocations in the matrix.
When half of the hydride population is precipitated, the hydride strain
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behavior changes to follow the matrix thermal expansion all the way down to
room temperature.

4. When hydrides are precipitated under stress but not reoriented, the strain
behavior is different than that of unstressed hydrides. The first precipitation
regime with relaxation of highly compressed particles is similar to that of
unstressed hydrides. However, the average hydride strain during the second pre-
cipitation regime is constant. This could be because of a greater ease in deforming
the matrix because of the applied far-field stress.

5. When hydrides precipitate under stress and reorient, during the first precipita-
tion regime, the hydride strains become tensile in the direction perpendicular
to the hydride platelet face. During the second precipitation regime, these
strains remain constant in tension. This indicates a different hydride strain
state for reoriented hydrides than for circumferential hydrides. Neither cycling
under stress nor increasing cooling rate appear to significantly affect the strain
state of reoriented hydrides.
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DISCUSSION

Question from Ron Adamson, Zircology Plus

QI:—Do I interpret one of your curves to indicate that lattice strain caused by
H in solution is different than lattice strain caused by hydride? This is different
than commonly assumed and indicated by the modeling work of Wolf et al. in this
meeting.

Authors’ Response:—Hydrides generate both elastic and plastic strain while
hydrogen in solid solution generates only elastic strain. The strain measured here is
only elastic strain. The hydrides will have a small volume fraction around them
where the elastic strain field is present, but this is a relatively small overall volume
fraction of the whole material. The difference observed in the effect of hydrogen in
hydrides and in solid solution on zirconium matrix elastic strains is due to the fact
that the X-ray beam probes a large number of zirconium grains. Indeed, the in-situ
synchrotron diffraction technique used in this work has a beam size of 200 um x
200 um and the beam goes through the entire sample thickness which is around
600 um. Therefore for our CWSR material, hundreds of zirconium grains are
sampled. When hydrogen is precipitated in hydrides, the strain induced by the
hydrides on the zirconium lattice is localized around the hydrides themselves,
therefore the diffraction signal from the zirconium comes from many grains with-
out hydrides and a few with hydrides, thus the strains due to the hydrides is not
measured when all hydrogen is precipitated. When all hydrogen comes into solid
solution it induces a uniform strain in all the zirconium grains measured thus it is
visible in the diffraction signal.

We note that when the temperature increases the lattice parameter change is
occurring as the hydrides are dissolving, so the increase in lattice parameter is prop-
erly attributed to hydrogen in solid solution.

Q2:—Are you convinced that you were observing 6 (delta) hydride?

Authors’ Response:—When observing the diffraction patterns at room tempera-
ture (an example of which can be found in [1]), the position of the hydride peaks
are consistent with those expected from ¢-hydrides (Powder Diffraction File num-
ber 00-034-0649). At very high temperature when the hydrides first form, it is pos-
sible that there could be some change in stoichiometry that could induce a peak
shift (see “Thermo-mechanical cycle without applied stress’ section in the paper).

Questions from K. Kapoor, NFC

QI:—Does the hydride orientation have a memory effect?
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Authors’ Response:—Given the fact that when several thermo-mechanical cycles
are applied, the radial hydride fraction increases, it does appear that there is a
hydride orientation memory effect. This effect is essentially the same as the hydride
memory effect observed for circumferential hydrides and is normally ascribed to
dislocations “nests” created during the nucleation of the original hydrides and in
which hydrides can re-form and grow. If the maximum temperature of the thermo-
mechanical cycle is not high enough to recover the material, the hydrides will likely
tend to preferentially re-precipitate in these nests.

Q2:—Why do you need multiple cycles to reorient all of the hydrides?

Authors’ Response:—The need to cycle a sample several times to reach a fully
reoriented microstructure could be due to the fact that our cooling rate of 1 °C/min
is too fast to allow all hydrides to nucleate in the preferred out of plane orientation.
Several cycles will allow a greater percentage of hydrides to form in the preferred
direction. This cooling rate was a compromise chosen to be able to perform experi-
ments in-situ at the APS synchrotron that would finish in a reasonable time.

Q3:—Why did you select (111) ¢ hydride peak for strain measurement?

Authors’ Response:—The (111) 6 hydride peak is the most intense hydride peak
that can be measured with our experimental geometry and can thus give the great-
est accuracy in its determination.

Question from Johannes Bertsch, Paul Scherer Institute:—Have you kept the
load until the complete cool down, so that the reorientated hydrides remained
under the influence of external stress? If yes, what would the stress of the hydrides
be after unloading?

Authors’ Response:—As can be seen in Figure 3(b) and 3(c) which represent
typical thermo-mechanical cycles performed at the APS, the applied tensile load
is kept constant until 150 °C at which temperature all hydrides are precipitated.
Diffraction data are still acquired after the load is removed and can be seen in
Figure 13 after the ‘Load off” step for the stressed but not reoriented sample and
in Figure 14 after the strain step at 150 °C for the reoriented sample. As can be
seen from these figures, when the applied stress is removed, the hydride strains
in the TD and the RD for the non-reoriented sample remain both compressive.
However, the hydride strains in the TD for the reoriented samples remains posi-
tive even though the applied tensile load is removed, implying the reoriented
hydride faces are in tension even without applied stress. The reoriented hydride
edges measured in the RD remain in compression even after the load is

removed.
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Questions from Michael Preuss, University of Manchester

QI:—You have inferred strain/stress from the change of d-spacing in the
hydride. Have you also considered that the change of d-spacing could be due to a
change of stoichiometry? This seems far more likely when looking at your data.

Authors’ Response:—TIt is indeed possible that the high compressive strain meas-
ured in newly precipitated hydrides as a diffraction peak shift could be due to these
initially forming hydrides having a slightly different stoichiometry than the Zr/H
ratio of 1.66 typical in the d-hydride phase. Within the J-hydride phase, a maxi-
mum change in d-spacing due to stoichiometry of 0.002 nm could lead to a pseudo-
strain of 4000 microstrain [2,3]. This cannot account for the entirety of the 10 milli-
strains measured and thus should not be responsible for the entire peak shift,
although it could certainly be a contributing factor.

Q2:—1It is very unusual that at high T during cooling, the hydrides are highly
stressed while the stresses are relieved at lower temperature. Can you please com-
ment on this?

Authors’ Response:—Hydrides first nucleate as platelets and large surface ener-
gies relative to the hydride volume could induce a larger d-spacing variation than
after the hydrides grow. When hydrides first nucleate, the difference in crystal
structure between the hydride phase and the zirconium matrix can induce signifi-
cant stresses in the nucleating hydrides. The stress relaxation observed as hydrides
nucleate and grow upon cool-down could be explained by the formation of plastic
dislocations in the matrix surrounding the hydrides therefore relaxing some the ini-
tial stresses. In addition, formation of new hydrides close to pre-existing hydrides
(sympathetic nucleation) take advantage of the strain fields around the pre-existing
hydrides and these newly precipitated hydrides could be forming with a less com-
pressed strain state thus lowering the overall hydride population compressive
strain.

Questions from Malcolm Griffiths, AECL

QI:—For the hysteresis, how do you know that you are not seeing a kinetic
effect? Is there a difference in the dissolution and precipitation rates for hydriding?

Authors’ Response:—The hysteresis measured between the dissolution and pre-
cipitation temperature agrees well with previous literature determinations using dif-
ferential scanning calorimetry with varying heating/cooling rates. In addition, when
measuring dissolution and precipitation for various cooling rates no significant
effect was measured [4]. This leads us to believe that the kinetic effect, if it present,
is small.
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Q2:—At the microscopic scale, what is the average spacing between all hydrides
- assuming that there are finer hydrides between the coarser hydrides?

Authors’ Response:—As you mention, the hydrides seen after etching are really
collections of microscopic hydrides. The very small distance between these can best
be investigated by TEM. Our limited TEM studies showed that the microscopic
hydride platelets are stacked on top of each other and don’t have measurable gaps
between them [5]. For the macroscopic hydrides the average spacing depends on
the hydrogen concentration

Question from Rishi Sharma, IIT Bombay, India:—You mentioned that the Zr
material shows different strain behavior with the presence of reoriented hydrides
than the Zr material with hydrides in as received material. Can you explain the
above phenomenon?

Authors” Response:—The observed difference in strain is in the hydrides. The
overall zirconium matrix strain behavior during dissolution and precipitation of
hydrides is not significantly impacted by applied stress except for the stretching and
compressing of the zirconium planes in the TD and the RD respectively when the
tensile stress in the TD is applied. The hydride strain behavior is however very dif-
ferent between unstressed/not reoriented and stressed/reoriented samples. This sig-
nifies that reoriented hydrides have a different strain state than circumferential

hydrides.

Question from Ted Darby, Rolls-Royce:—Do you propose an explanation for the
downward shift in TSSP for reoriented hydrides? Could it simply be due to the
need for these hydrides to nucleate in the matrix without the assistance of pre-
existing hydrides?

Authors’ Response:—The downward shift in the precipitation temperature for
reoriented hydrides signifies a greater degree of undercooling is needed to precipi-
tate radial hydrides. This suggests that stress acts to suppress circumferential
hydride precipitation. In both unstressed and fully reoriented hydrides, full dissolu-
tion was achieved so no pre-existing hydrides are present when the precipitation
temperature is measured. Therefore, this downward shift in Tp could be due to the
difficulty of hydrides to nucleate in favorably oriented sites in the radial orientation
or to the small number of these sites available in the CWSR material used in this
study.

Question from R. N. Jayaraj, Dept. of Atomic Energy, India:—Hydrides get re-
oriented to "normal" direction under "tensile" stress. To what direction they get re-

oriented under compressive stress?
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Authors’ Response:—No experiments presented in this work have been per-
formed under compression. However, literature results show that under sufficient
compressive stress, hydrides can reorient parallel to the applied compressive
stress [6].

Question from B. K. Shah, BARC Mumbai:—Different Zr alloys have different
threshold stress for hydride reorientation. Please comment on the factors which are
responsible for this difference.

Authors’ Response:—The factors influencing the threshold stress for hydride
reorientation were not investigated precisely in the work presented here. However,
since the threshold stress for recrystallized material typically tends to be lower than
that of cold-worked stress relieved material, influencing factors could include grain
microstructure [7]. A larger fraction of grain boundaries oriented in the out of
plane direction could increase hydride reorientation. Grain texture and in particular
orientation of the basal poles have also been found to have a strong influence of
hydride reorientation [8].

Questions from K. Somasekhar Reddy, Nuclear Fuel Complex, Hyderabad, India

QI:—What is the necessity of more thermal cycles when all of the hydrides are
dissolved in the matrix during the first thermal cycle?

Authors” Response:—As the material cools the hydrogen in solid solution is
called upon to precipitate and the applied load introduces a bias for precipitation in
the out of plane direction, so that depending on the cooling rate a fraction of the
hydrides will reorient. Presumably a very slow cool would require only one cycle
for complete reorientation.

Q2:—What is the effect of cooling rate on the reorientation of hydrides?

Authors’ Response:—See the above response. Additional results on the effect of
cooling rate on hydride reorientation can be found in [5].
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