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h i g h l i g h t s
� The d{111} d-spacings aligned with the hydride plate edges exhibit a bi-linear thermal expansion.
� Stress state reversal is predicted with the onset of hydride dissolution.
� During dissolution, the d{111} planes oriented parallel to the hydride plate face initially contract upon heating.
� Hydride d-spacings indicate that both in-plane (circumferential) and out-of-plane (radial) hydrides are in the same strain-state and likely in the same
stress state as well.
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a b s t r a c t

The d-spacing evolution of both in-plane and out-of-plane hydrides has been studied using in situ
synchrotron radiation X-ray diffraction during thermo-mechanical cycling of cold-worked stress-relieved
Zircaloy-4. The structure of the hydride precipitates is such that the d{111} d-spacing of the planes
aligned with the hydride platelet face is greater than the d-spacing of the 111 planes aligned with the
platelet edges. Upon heating from room temperature, the d{111} planes aligned with hydride plate edges
exhibit bi-linear thermally-induced expansion. In contrast, the d-spacing of the (111) plane aligned with
the hydride plate face initially contracts upon heating. These experimental results can be understood in
terms of a reversal of stress state associated with precipitating or dissolving hydride platelets within the
a-zirconium matrix.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Zirconium-based alloys are used for nuclear fuel cladding tubes,
which constitute the primary physical barrier between the nuclear
fuel and coolant water in light-water reactors. During reactor
operation, hydrogen is picked-up by the cladding as a result of
waterside corrosion reactions, and upon reaching the solubility
limit, hydrogen precipitates as in-plane (circumferential) hydride
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platelets [1,2]. While in-plane hydrides have some effect on the
mechanical behavior of cladding at low temperatures, severe
embrittlement can occur if when precipitating under a sufficiently
high tensile hoop stress hydride platelets precipitate in the out-of-
plane (radial) direction [3,4]. The presence of out-of-plane (radial)
hydrides in the spent nuclear fuel cladding after thermomechanical
treatments cause a significant increase in the ductile-to-brittle
transition temperature of the cladding even at relatively low
hydrogen concentrations [5], thus adversely affecting the perfor-
mance of the spent nuclear fuel rods during dry-storage and
transport conditions.

In view of the above, it is of interest to understand in detail the
characteristics of the hydride reorientation process. One approach
is to use high energy synchrotron radiation diffraction to study the
changes in the hydride diffraction peaks during a
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2 The net section stress is determined by the applied load divided by the cross
sectional area of the notch. This definition eases the experimental practice and
avoids unexpected stress increase that yields permanent deformation or rupture of
the specimens.

3 Note that for these plane-stress analyses, the minimum principal stress is al-
ways the zero through-thickness stress, and thus we adopt the notation for the in-
plane stresses as the “major” and “minor” stresses; both are principal stresses and
the major stress is also the maximum principal stress.
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thermomechanical treatment imposed on the sample to cause hy-
dride reorientation. Using this method, it is possible not only to
follow the hydride diffracted intensity of the sample in situ but also
the change in the matrix and hydride lattice parameter as the hy-
drides dissolve and re-precipitate under either applied load or no-
load conditions. By integrating different segments of the hydride
diffraction rings, the hydride interplanar d-spacings for planes
aligned either with the platelet face or the platelet edge can be
determined. In addition, careful examination of the hydride
diffraction data permits a determination of both hydride dissolu-
tion and precipitation temperatures within individual specimens.

While recent studies have utilized high-energy synchrotron
radiation to examine the hydride dissolution/precipitation
behavior in situ during thermal cycling behavior of Zircaloy-4
[6e12], several aspects of the observed behavior of the d-spacing
of hydride planes during thermomechancial cycling are yet to be
fully understood. For example, the observation of thermal
contraction of the hydride d-spacing during heating as hydrides
dissolve remains unexplained [8]. In addition, recent results indi-
cate that stress state affects the threshold stress at which out-of-
plane hydrides precipitate during cooling [13], but previous syn-
chroton radiation studies have been limited to uniaxial tension
during the thermo-mechanical cycling to induce hydride reor-
ientation [10,31].

The purpose of this study is to analyze the d-spacing behavior
for both hydride and Zr matrix phases using high energy syn-
chrotron radiation diffraction during dissolution and precipitation
of either in-plane or out-of-plane hydrides during thermo-
mechanical treatments under an imposed multi-axial stress state.
The study uses hydrided Zircaloy-4 sheet material fabricated into
double-edge notched tensile specimens that create a range of stress
states within the specimen when under load [13]. Particular
attention is devoted to the details of d-hydride {111} d-spacings of
hydride platelet planes aligned with the platelet faces and edges
during both precipitation and dissolution. The complex results and
their implications are analyzed on the basis of the micromechanics
of precipitating and dissolving hydride platelets within a zirconium
matrix.

2. Materials and procedures

The material used in this study is cold-worked stress-relieved
(CWSR) Zircaloy-4 flat sheet obtained from ATI Specialty Alloys and
Components with a nominal thickness of 0.67 mm. The Zircaloy-4
sheet exhibited the usual strong crystallographic texture [14]
such that the basal planes of hcp a-zirconium tend to align with
their poles inclined approximately ± 30� away from the normal of
the sheet surface along the transverse direction [15]. The Kearns
factors [16] of the sheet used in the study were measured as
fN¼ 0.59, fL¼ 0.05, and fT¼ 0.31 in the normal, longitudinal/rolling,
and transverse directions. These values are similar to those ob-
tained in typical CWSR Zircaloy-4 nuclear fuel cladding tubes [17].

Hydrogenwas introduced into the samples by gaseous diffusion.
Prior to charging, the native oxide layer was removed using an acid
solution of distilled H2O, HNO3, and HF by parts in volume 10:10:1,
following which the samples were immediately coated with a 200-
nm thick nickel layer to protect the surface against further room
temperature oxidation while still allowing hydrogen ingress. The
samples were then heated in a tube furnace to 500 �C under a
vacuum of less than 13.3 mPa, into which a mix of hydrogen and
argon gas (12.5% H2 and 87.5% Ar by volume) was introduced. The
sample was then held for two hours at 500 �C. This treatment
simultaneously induced hydrogen absorption, homogenization and
stress relief. The target hydrogen contents of the specimens were in
the range of 180 wt ppm. The hydrogen content of each sample was
systematically determined before and after thermomechanical
treatments using hot vacuum extraction as described in Ref. [18].
This hydrogen level was chosen so that it was high enough that
precipitation during cooling started at a temperature where
hydrogen is mobile and low enough that complete dissolution of
hydrogen can occur at a reasonable maximum temperature of
about 400 �C.

The uniaxial tensile behavior of this CWSR Zircaloy-4 sheet was
determined previously for temperatures ranging from 25 to 400 �C
[19e21]. The results showed that the yield stress at room temper-
ature was 600 MPa, and 300 MPa at 400 �C. Also at 400 �C, the
strain-hardening exponent (n ¼ dlns/dlnε) was determined to be
0.022.

Fig. 1 shows the test specimen used in this study. To approxi-
mate the stress-state conditions present during heat treatments of
spent nuclear fuel for moisture removal, the double-edge notched
“Penn State plane-strain” specimen geometry was utilized [20,22],
as illustrated in Fig. 1a. It should be noted that plane-stress con-
ditions exist in the thickness direction because of the thin sheet
geometry of the specimens; however, a plane-strain condition can
exist as a result of biaxial tension within the plane of the sheet.
Finite element analyses (FEA) were performed using ANSYS to
calculate the magnitude of the local principal stresses and the
corresponding stress biaxiality ratios (s2/s1) [13]. These calcula-
tions were performed under assumptions of (a) plane stress
through the thickness and (b) isotropic mechanical properties at
400 �C. For the specimen loads used in this study, the FEA per-
formed on the “plane-strain” tension sample geometry indicated a
stress biaxiality ratio of s2/s1 ¼ 0.57 (plane strain) at the elastic
mid-point between the two notches and s2/s1 ¼ 0 (uniaxial ten-
sion) near the notch.3 The calculated stress biaxiality ratio is plotted
in Fig. 1 (b). An extensive region exists (>2 mm) near the specimen
center of a nearly constant stress biaxiality ratio. During heat
treatments of spent nuclear fuels, the internal gas pressure imposes
a stress biaxiality ratio of (s2/s1) ~ 0.5, characteristic of plane-strain
tension within the thin wall cladding tube [5,23,24]. Calculated
biaxiality is imposed by the specimen geometry. The calculated and
expected stress states are close to analyze results.). In contrast, near
the notch surfaces, the stress state decreases to near uniaxial ten-
sion, (s2/s1) ¼ 0. In the present study, two locations within the
specimen were systematically followed: one location (near the
center arrow in Fig. 1c) had a stress biaxiality ratio (s2/s1) of 0.57
(near plane-strain tension for an elastic case) and the other location
(near notch arrow in Fig. 1c) (also within an elastic region) was
characterized by (s2/s1) ¼ 0 (uniaxial tension). The hydride pre-
cipitation resulting from the thermomechanical treatment (see
Fig. 2) is shown in Fig. 1c, where the hydride orientation is seen to
depend on stress state. Samples for metallography were prepared
using swab etching with a solution of 10 HNO3, 10 H2O and 1 HF.

As shown in Fig. 2, the hydrogen charged specimens were
subjected to consecutive thermomechanical cycles. The first three
cycles consisted of (i) heating the sample to 450 �C at a rate of 5 �C/
minute (sufficient to dissolve 250 wt ppm in Zircaloy-4 [2]), (ii)
dwell at the maximum temperature for 1hr, and (iii) cool subse-
quently to 150 �C at a rate of 1 �C/min. For the fourth and the fifth
cycles (also under stress), the cooling rates were faster: 5 �C/min



Fig. 1. (a) Double edge-notched mechanical test specimen with dimensions in mm The nominal thickness of the sheet is 0.55 mm, (b) finite element results from the center of the
sample to the notch, and (c) radial hydride microstructure in the sample after a five-cycle thermo-mechanical treatment. The load was applied along the transverse direction (TD) of
the sheet specimen; in this case the net section stress2 was 225 MPa.
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during the fourth cycle and 10 �C/min for the fifth cycle. The applied
load resulted in an net section stress in the gauge cross section of
225 MPa, and a maximum principal stress of 150 MPa in the center
(plane-strain section) of the specimen, sufficient to induce hydride
reorientation during precipitation during the second through the
fifth cycle. Because previous results indicate a maximum principal
threshold stress for the initiation of hydride reorientation of
110 MPa for the stress state ((s2/s1) ¼ 0.57) at the beam location
this was sufficient to cause hydride reorientation [15]. The load was
applied at 375 �C to minimize any plastic zone near the specimen
notches (due to increasing Zircaloy yield stress with decreasing
temperature) while retaining hydrogen in solid solution.

Fig. 2 shows optical micrographs of typical hydride micro-
structures formed in specimen cooled at 1 �C/min during a
sequence of thermo-mechanical treatment (TMT) steps, as indi-
cated. The specific thermomechanical treatment is shown below
(temperature and applied stress). Initially and after the first (stress-
free) cycle, uniformly distributed in-plane hydrides were observed
(top left). After the second thermomechanical treatment cycle
which a stress of 150MPawas applied duing the cooling operations,
a mixed hydride microstructure is observed (top center), showing
both in-plane and out-of plane hydrides. After additional thermo-
mechanical cycles (3rd to 5th), the hydride microstructures be-
comes increasingly radial, as shown in the top right micrograph.
Note that the cooling rates in this case were faster for the last two
4 The uncertainty in position is inevitable due to change in temperature. To
eliminate this as much as possible, the following procedure was used: (i) the
sample was designed to create constant stress and stress state area of
2 mm � 2 mm at the center of the gauge, (ii)100 mm � 100 mm square beam size
was chosen accordingly, and (iii) the sample was subjected to force control during
thermomechanical treatments, especially for the heating stages under no load to
avoid any thermally induced straining. We also performed scans over gauge width
and length at various temperatures to determine the beam center. The change was
approximately 0.8 mme2 mm for 100 mm � 100 mm square beam.
cycles (10 �C/min).
The macroscopic in-plane hydrides are seen to consist of many

well aligned small hydride platelets (top left of Fig. 2). Interestingly
and in contrast with circumferential hydrides, when observed at
high magnification after several thermomechanical cycles, the
macroscropic reoriented (out-of-plane) hydride platelets consist of
many short hydrides with most showing a considerable misorien-
tation with respect to the overall orientation of the large, extended
out-of-plane hydride, possibly because the small hydride segments
maintain some orientation relationship with the basal planes of the
matrix.

In situ X-ray diffraction experiments were conducted at the 1-
ID-C beamline at the Advanced Photon Source at Argonne Na-
tional Laboratory. Fig. 3 shows the beamline experimental setup: a
100 � 100 mm2 rectangular 80 keV X-ray beam was incident on a
hydrided sample, which was placed in an infrared furnace and
subjected to a thermomechanical treatment while diffraction was
acquired continuously. The high energy X-ray beam was trans-
mitted through the 0.67 mm thick double-edge notched sample,
thus generating diffraction rings from both a-zirconium and d-hy-
dride phases which were recorded in an area detector. During hy-
dride dissolution and precipitation, the diffraction data were
continuously acquired in specific locations within the specimen
where finite element calculations showed that the stress biaxiality
ratio was either 0 (near uniaxial tension) or 0.57 (near plane strain
tension). By integrating the diffraction rings over 15�-arcs either
aligned with the loading direction (TD) or normal to it (RD) [8,9],
the d-spacing behaviors aligned with either direction were tracked
in-situ both the a-Zr and hydride phases.

Fig. 3c shows a typical diffraction pattern integrated over the full
ring. The peaks were indexed and fitted independently using GSAS
[25], MATLAB, and Peak Fit software [26]. The diffraction patterns
were fitted using a pseudo-Voigt peak shape in GSAS and MATLAB,
and to Pearson-Area-7 peak shape in Peak Fit [26]. From the fitting,
the d-spacings, full widths at half maximum, and intensities of the d



Fig. 2. Thermomechanical treatment of samples and representative hydride microstructures at the end of the 1st cycle, the 2nd cycle, and the 3rd e 5th cycle for specimens
containing approx. 180 wt ppm hydrogen and subjected to 150 MPa maximum principal stress at the location corresponding to that of the diffraction beam.4 Interruptions in stress
and temperature curves are due to the beam loss at APS during experiments.
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{111} and a{100} characteristic peaks of both the hydride and zir-
conium phases were then be determined in situ during hydride
dissolution and precipitation. The peaks present in this diffraction
peak were indexed as either the a-Zr or d-hydride phases. In
particular, the d{111} hydride peak was analyzed and deconvoluted
from the a {100} peak.

3. Results and discussion

The analysis of the a-Zr and d-hydride diffraction peaks yields
the peak positions that correspond to the d-spacing of particular
planes in those phases. Because the measurements are performed
in situ, the detailed evolution of the d-spacings (which in the
absence of compositional variations can be directly related to the
associated elastic strains within the hydrides) during the TMT can
be followed.

Fig. 4 shows the evolution of the a-Zr{100} d-spacing during the
first cycle shown in Fig. 2 in which no stress was applied during
cooling. During the heat up, the a-zirconium {100} d-spacing in-
creases linearly with temperature at a rate of 7.5 � 10�6 �C�1 (red
circles), which is similar to the reported Zircaloy-4 plate thermal
expansion coefficient of 7 � 10�6 �C�1 [27]. As the temperature
approaches 250 �C, the rate of hydride dissolution increases as
hydrogen dissolution begins to contribute measurably to the a-
zirconium d-spacing by expanding the a-zirconium lattice. and a
positive deviation from the thermal expansion line is seen in Fig. 4.
The same behavior was also observed for the a{002} d-spacing. For
such an expansion to occur, the volume averaged strain increase
associated with hydrogen going into solution must exceed the
strain decrease due to hydrides dissolution; a recent analysis by
Puls supports that supposition [28]. When the hydride dissolution
process is completed (for this hydrogen concentration around
390 C), the thermal expansion rate of the a-zirconium d-spacing
returns to its initial value; the a-Zr lattice has expanded due to
hydrogen dissolution and henceforth only thermal expansion
causes an increase, as seen previously [8,9,29]. The temperature at
which the total dissolution of the hydrides occurs is identified as
the dissolution temperature.

Fig. 4 shows that during cooling, the initial thermal contraction
of the d-spacing (white lozenges) follows that of Zircaloy-4 until
measurable hydride precipitation occurs, which again causes a
departure from linearity. Once hydride precipitation begins, the
thermally induced contraction rate increases due to the removal of
the interstitial hydrogen from the a-Zr parent phase. When nearly
all of the hydrogen precipitates (around 280 �C), the observed
contraction rate reverts to the original value characteristic of the a-
zirconium matrix. The temperature at which a measurable degree
of precipitation occurs, Tp z 338 �C, and where dissolution ends,



Fig. 3. (a) A schematic representation of the experimental setup at the 1-ID-C beamline for hydride reorientation experiment (b) Schematic representation of the hydride
orientation with respect to the sample, incoming beam, and applied load (c) an integrated X-ray diffraction pattern of a hydride sample integrated in this case over the full ring at
ambient temperature.
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Td z 390 �C, agree well with previous determinations that are
based on synchrotron radiation [8,9]). The difference between the
two values is caused by the precipitation hysteresis normally
observed in Zr hydride precipitation and likely caused by the en-
ergy required for hydride nucleation [10,30e32]. Thus the behavior
of the a-Zr under such a thermomechanical treatment is well in
accord with current understanding.

The d-spacing evolution of the delta hydride phase during
thermomechanical treatment can also be followed in situ. In this
case the diffraction rings acquired were integrated over 15�-seg-
ments of arcs aligned with either the loading direction (TD) or
normal to it (RD), as illustrated schematically in Fig. 3a. This pro-
cedure allowed the independent determination of the d-spacings of
crystal planes within the hydrides oriented in either the TD or the
RD direction of the test sample. As a result, these x-ray diffraction
data characterize the d-spacings of those d{111} planes oriented
±7.5� to either the rolling direction (RD) of the sheet (normal to the
plane of view in Fig. 3a) or the transverse direction (TD) of the sheet
(horizontal direction in Fig. 2a).

As seen in Fig. 2a, the in-plane hydrides arewell aligned because
of the texture, grain shape, and internal residual stresses that
develop within grains of different orientations, which also makes
the individual particles larger than in the reoriented hydrides in
CWSR Zircaloy-4 [33]. In the test geometry used for a sample
containing in-plane hydrides, the hydride face is oriented towards
the beam, and thus the diffraction data acquired in both the TD and
RD directions provide information on the d-spacings of d{111}
planes aligned with the edges of the hydride platelets, rather the
faces. In contrast, because macroscopic out-of-plane (“radial”) hy-
drides are oriented roughly perpendicular to the applied load, the
TD diffraction data provide information on the d-spacing behavior
of the d{111} hydride planes oriented within ±7.5� of the face of the
hydride particles, or of the normal to the TD direction. The RD data
still provide information on the d-spacings of d{111} planes aligned
with an edge of the out-of-plane hydride platelets. Given that there
are four {111} planes, our diffraction data thus captures the d-
spacing of the (111) planes, which are aligned within ±7.5� of either
the hydride platelet edge or the hydride platelet face when out-of-
plane hydrides are present.

Fig. 5 shows the TD and RD d-spacing behavior of d{111} planes



Fig. 4. Measured d-spacing variation of the a{100} peak versus temperature during the first (stress-free) cycle of the thermo-mechanical treatment. The hydrogen content of this
sample was 174 wt ppm, and the cooling rate was 1 �C/min. The data is from an integration of the diffraction ring along the TD direction. For clarity, not all data points are shown.

Fig. 5. The evolution of d-hydride {111} d-spacing in (a) TD and (b) RD orientations during the first cycle of the thermo-mechanical treatment; no external stress was applied and
the microstructure consisted of in-plane hydrides.
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of in-plane hydrides during the first cycle of the thermomechanical
treatment (no stress applied and no hydride reorientation). During
heating to temperatures up to about 190 �C, the d-spacings of the
hydride planes along both TD and RD orientations (blue circles)
expand at a rate of z5 to 6 � 10�6 �C�1, or similar to the thermal
expansion coefficient of the Zircaloy-4 matrix (z7 � 10�6 �C�1)
[27]. At 190 �C the thermal expansion rate increases to
z20� 10�6 �C�1 which is roughly in-between the hydride thermal
expansion coefficient measurements performed by Yamanaka et al.
(25� 10�6 �C�1) [34] and by Beck (14� 10�6 �C�1) [35]. Thus, in the
a-Zr matrix the hydride d-spacings of d{111} planes aligned with the
platelet edges thermally expand according to a two-stage, approx-
imately bilinear thermal expansion process. Below 190 �C, the hy-
dride platelets are constrained to expand at a rate similar to that of
the Zircaloy-4 matrix, while above 190 �C, the matrix constraint
appears to decrease, allowing the hydride platelets to expand at
rates close to their own thermal expansion coefficient. Importantly,
for out-of-plane hydrides this bilinear thermal expansion behavior
during heating for d{111} planes is only observed for planes aligned
with the edges of the platelets (i.e. the RD data). Very similar
bilinear thermal expansion behavior during heating has been
observed previously for the d{111} planes aligned with the edges of
hydride platelets in Zircaloy-4 [8,36]; similar to the present study, a
higher thermal expansion rate (similar to that of unconstrained
hydrides) was observed at elevated temperatures.

Fig. 5 also shows that at the onset of in-plane hydride precipi-
tation during cooling, both the TD and RD d{111} d-spacings are
lower than the value measured at the same temperature during
heating, suggesting that the hydrides were under additional
compressive strains when precipitation began, although it is also
possible that the initial stoichiometry of the precipitating hydride is
different [37]. The scale of the d-spacing difference upon first
precipitation (Dd/do z 0.3%) was roughly that expected from
compressive strains limited by the flow stress of Zircaloy-4
(z315 MPa at 325e330 �C) assuming the elastic modulus of the
d-hydride as 98 GPa at z 300 �C [38]. Finally, continued cooling
constrains the hydride to contract in according to the matrix
contraction rate, and once below about 225 �C, cooling results in
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the d-spacing of the precipitating hydrides to match that of the
original hydride d-spacing measured during heat-up, and the in-
plane hydrides contract at a rate consistent with the approximate
thermal contraction rate of the Zircaloy-4 matrix.

The matrix d-spacing behavior does not change appreciably
with the imposition of stress during cooling and behave as would
be expected according to the respective states of stress in the two
locations. In the plane strain location, the matrix d-spacings in the
RD direction match those obtained with no stress and show an
increase in the direction of applied load. In the uniaxial tension
location, the d-spacing increases along the load direction with a
corresponding decrease in the RD direction.

In contrast when sufficient stress was applied to cause hydride
reorientation, the d-spacing behavior of the hydride platelets dur-
ing thermo-mechanical cycling differs significantly from the no-
stress applied case. Fig. 6 shows the hydride d-spacing behavior
obtained from the plane-strain location in the middle of the gauge
cross section during second cycle heating, second cycle cooling, and
third cycle heating. Diffraction data from the planes aligned along
the TD and RD directions during heating/cooling of the second and
third cycles of the thermomechanical treatment are shown. During
the second cycle heat-up when in-plane hydrides were present, the
hydride d-spacing behaves in a manner similar to the first cycle for
both TD and RD orientations, i.e., the d{111} d-spacing of in-plane
hydrides shows the same bilinear expansion behavior upon heat-
ing (blue circles). However, the d-spacing behavior during the
second cycle cool-down (green circles) changes when the applied
load causes out-of-plane hydride precipitation to occur. In partic-
ular, the d{111} d-spacing behavior of the planes aligned with the
TD orientation is now quite different from that of the planes in the
RD orientation. Recall that for out-of-plane hydrides (such those as
in Fig. 2), the diffraction data from the TD orientation (parallel to
the major stress axis) corresponds to the d-spacing of d{111} planes
oriented parallel to the hydride platelet faces, while RD signal
corresponds to the d{111} d-spacing of the planes aligned with the
hydride platelet edges (Fig. 3b). Thus, the d-spacing behavior of d
{111} face planes is significantly different from that of the d{111}
edge planes.

As shown in Fig. 6b, the d-spacings of planes aligned with the
edges of out-of-plane hydrides are identical to the corresponding
“edge” d-spacing of in-plane hydrides; compare data from 2nd cycle
cooling and 3rd cycle heating to 2nd cycle heating. Similar obser-
vations have been reported during thermomechanical cycling of
out-of-plane hydrides by Colas et al. [6]. These observations indi-
cate that the delta hydride 111 planes aligned with the hydride
Fig. 6. The d{111} d-spacing in (a) the TD orientation and (b) the RD orientation during th
location which is the center of the specimen, where the major stress was 150 MPa, and th
removed at 150 �C.
platelet edges were subjected to same strain regardless of whether
the hydrides are in-plane or out-of-plane. Thus, the reorientation of
the hydrides did not affect the d-spacing (or “strain”) behavior of
the {111} planes aligned with the platelet edges, even though the
hydrides were completely re-oriented to the out-of-plane config-
uration by the end of the second cycle. In addition, the data in
Fig. 6b show that bilinear thermal expansion behavior persists
upon heating within the out-of-plane hydrides for the planes
aligned with the hydride platelet edges.

Fig. 6a shows that the behavior of the planes oriented along TD
is much different once hydride reorientation occurs. In particular,
Fig. 6a indicates a noticeable increase in the {111} planes d-spacing
aligned with the hydride platelet face when compared to that
observed for those {111} planes aligned with the platelet edges.
Even after load removal at 150 �C, a significant increase in d-spacing
persists. Thus even after load removal, the d-spacings for the planes
parallel to the hydride faces (the TD data) are greater than the
corresponding spacing of planes aligned with the hydride edges
(the RD data). Significantly, a similar hydride strain state has also
been observed by Santisteban et al. for the in-plane (circumferen-
tial) hydrides, namely that the hydride face d-spacing was greater
than the edge d-spacing [39].

To verify the above effect, an additional experiment was per-
formed using a specimen with a tapered tensile test geometry and
of the same CWSR Zircaloy 4 sheet material containing approxi-
mately 180 wt ppm of hydrogen; see Ref. [13] for details. Two lo-
cations along the specimen gauge length were examined after a
thermo-mechanical treatment: one in which only in-plane hy-
drides were present and another location in which out-of-plane
hydrides formed. As can be visualized in Fig. 7, rotating such a
specimen about its tensile axis such that the X-ray beam was now
alignedwith the RD directionmade it possible to acquire diffraction
data from d{111}planes aligned with either the platelet face or the
platelet edges for both in-plane and out-of-plane hydrides. Table 1
shows the measured d-spacings of {111} d-hydride planes for both
in-plane and out-of-plane hydrides. A consistent difference is seen
between the planes aligned with the hydride face than with the
edges. Note also that the percent difference between edge and face
d-spacings found in this experiment at room temperature
(0.29e0.33%) was similar to that seen in Fig. 6 at 150 �C (0.22%).
Thus, we conclude for both in-plane and out-of-plane hydrides in
Zircaloy-4, the following condition always exists: dface planes > dedge

planes.
Similar to previous work [31], Fig. 6 shows that upon cooling

under stress the rate of d-spacing decrease with temperature for
e thermomechanical cycling. Complete hydride reorientation occurred at the specific
e stress biaxiality ratio is 0.53. The load was applied at 375 �C during cool down and



Fig. 7. A schematic of the companion experiment to determine the d-spacing of d{111} planes acquired from the in-plane and out-of-plane hydrides at two locations along a tapered
uniaxial tension specimen. The sample was subjected to a two cycle hydride reorientation treatment prior to X-ray diffraction experiments. Because of the stress variation along the
tapered specimen gauge cross section, the ND signal comes from hydride platelet faces where only in-plane hydrides exist in the sample and TD signal originates from the out-of-
plane hydride faces where only out-of-plane hydrides exist.

Table 1
d{111} d-spacings within a tapered (flat) tensile specimen as examined using two different beam orientations: normal to the specimen face and
normal to the specimen edge. For in-plane hydrides, the ND orientation represents the d-spacing of {111} planes parallel with “face” plane of
the platelet. For out-of-plane hydrides, the TD orientation represents the d-spacing of those {111} planes aligned with the hydride face.

Hydride type d-hydride {111} d-spacing [Å]

Planes aligned with platelet face Planes aligned with platelet edges

In-plane 2.763 (ND) 2.754 (TD) D ¼ 0.33%
Out-of-plane 2.759 (TD) 2.751 (ND) D ¼ 0.29%

Note that D ¼ (dface-dedge)/d.

Table 2
A comparison of observed and predicted strains based on d{111} d-spacing alignedwith the hydride precipitate face and those planes aligned with plate edges. The s11, s22, and
s33 values are estimated averages over the width of the disc-like platelet from Ref. [45].

Hydride T (�C) s22 (MPa) s11 ¼ s33 (MPa) (Dd/d)pred (Eq. (1)) (Dd/d)obs

Out-of-plane 27 �420 �1005 þ0.88% 0.29%
Out-of-plane 200 �375 �560 þ0.22% þ0.22%
In-plane
(Ref. [39])

200 �375 �560 þ0.22% þ0.29%

In-plane 27 �420 �1005 þ0.88% 0.33%
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the planes oriented with the hydride face is much lower than that
for the planes aligned with the platelet edges (compare 2nd cycle
cooling data for TD and RD orientations). This effect is also seen in
the subsequent cycles as shown in Fig. 8.

Upon heating in the 3rd cycle, the reoriented hydrides show a
surprising d-spacing behavior associated with the hydride face
planes (TD data). As shown in Fig. 6a as well as Fig. 8, the d-spacing
d{111} of planes parallel to the hydride face decrease with
increasing temperature upon heating from 150 �C to roughly
325 �C. Above this temperature, the d-spacing increases in the
“normal” manner, at a rate roughly equal to that of the thermal
expansion rate of hydrides. This behavior occurred for all subse-
quent cycles (third, fourth, and fifth cycle heat-ups under zero
stress) as shown in Fig. 8a. In contrast, the “edge” aligned planes
continue to behave “normally” (i.e., the RD data) as shown in
Fig. 8b.

Santisteban et al. [39] also observed a contraction of the in-
plane hydride d-spacing in recrystallized Zircaloy-4 containing
approx. 200 wt ppm. of hydrogen for d-spacings of {111} planes
oriented parallel to the faces of in-plane hydride platelets. Their
observation is significant in that it was based on the d-spacing
response of in-plane hydrides (not out-of-plane, as the present



Fig. 8. The d{111} d-spacing evolution for hydride planes aligned with (a) TD and (b) RD orientations during the third, fourth, and fifth cycles in which out-of-plane hydrides form.
No load applied during all heating stages (s ¼ 0 MPa), but during the cooling stages, a load was applied to the samples (s ¼ 150 MPa) and three different cooling rates were applied
such that 1 �C/min for the third cycle, 5 �C/min for the fourth cycle, and 10 �C/min for the fifth cycle.
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results). Santisteban et al. also observed a {111} hydride d-spacing
disparity such that for the in-plane hydrides: dface planes > dedge

planes [39] with about an 0.44% difference in d-spacing.
Taken as a whole, the above results indicate that similar strain

states exist within both in-plane and out-of-plane hydride parti-
cles. Despite the prevailing texture and a grain shape that is
favorable for in-plane hydride formation, this study detects no
significant difference in the d-spacing characteristics of the two
types of hydrides. As Fig. 2 shows, there is nevertheless a change in
the morphology of the small hydride platelets within the macro-
scopic hydrides that form either the in-plane or the out-of-plane
hydrides. In the latter case, the small hydride platelets appear
shorter and show greater degree of misorientation within the
macroscopic out-of-plane hydride than is the case for the fine
structure within the macroscopic in-plane hydrides. Such behavior
is consistent with the difficulty of extended growth of the out-of-
plane hydrides; nevertheless, there are similar strain states
within these two types of hydrides.

The evolution of hydride d-spacing at uniaxial tension region
(close-to-notch position) was as follows [40].

(i) For the no-stress cycle and heating stages of stress-applied
cycles, d-spacing evolution of hydrides were similar to d-
spacing behavior at the plane-strain tension location;

(ii) For cooling stages of the stress-applied cycles, the observed
d-spacing of hydrides was higher than the d-spacing at the
plane-strain tension conditions under applied stress because
the presence of notch increases the major stress. The value of
d-spacing was reduced to the same value that was deter-
mined for plane-strain tension when the load was removed
from the sample.

An explanation for the d-hydride d-spacing behavior during
thermomechanical cycling.

The complex behavior of the d-spacings of d{111} planes within
the hydride platelets shown in Figs. 5, 6 and 8may be understood in
terms of the stresses that develop within the hydrides during
dissolution on heating and subsequent precipitation upon cooling.
Although the hydrides on a microscopic level are constituted of
many segments or stacks, their macroscopic shape is that of a thin
platelet with a high length/width ratio. For this discussion, we as-
sume that the collective behavior of the individual microscopic
hydrides is that of a macroscopically thin platelet embedded within
the Zircaloy-4 matrix. The principal experimental results are as
follows:

(1) The d-spacings of the d{111} hydride planes oriented parallel
with the hydride face plane are greater than the spacing of
the d{111} planes aligned with the hydride edge, i.e.
dface > dedge.

(2) During heating/dissolution, the d-spacings of the d{111}
planes aligned with the hydride plate edges exhibit an
approximate bi-linear thermal expansion behavior. As
depicted in Fig. 5, the initial thermal expansion rate (z5 to
6 � 10�6/�C) is close to that of the Zircaloy matrix, but above
190 �C, the expansion rate increases to roughly that of an
unconstrained hydride (z20 � 10�6/�C). The rapid expan-
sion rate is consistent with a relief of the compressive
constraint within the hydride as the matrix expands due to
hydrogen going into solution [10], but that effect by itself
cannot explain the presence of the d-spacing anisotropy (#1
above) or the d-spacing contraction upon heating described
below.

(3) Upon heating/dissolution, the d-spacings of the d{111} planes
oriented parallel to the hydride face initially contract upon
heating, as shown in Fig. 8a. This contraction continues
during dissolution until about 325 �C when the d-spacing
becomes similar to that of the d{111} planes aligned with the
dissolving platelet “edge”.

To understand the above experimental observations, the
following is known regarding the stress state within the hydrides.
Upon precipitation and owing to their anisotropic transformation
strain [37,41e43] and (primarily) to the plate-like shape of the
hydrides, the internal stresses within the precipitated hydride
platelets are not only compressive but such that the in-plane stress
components exceed the stress component normal to the platelet
[44,45], as shown schematically in Fig. 9a. As will be described



Fig. 9. A schematic depiction of (a) the anisotropic triaxial stress state within
precipitated hydride platelet (disc shaped) and (b) the resulting stress state within the
platelet region during dissolution in which the s22 component has either a small
tensile value or is much reduced compression from that in (a).
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below, the resulting anisotropic strain state within the precipitated
hydrides is such that the d-spacing of planes parallel to the hydride
face exceeds the spacing of those planes aligned with the plate
edges within the hydrides after precipitation.

To illustrate the implications of above stress states to our results,
we apply the finite element analysis of Singh et al. [45] inwhich the
stress field within a precipitating hydride platelet is computed
based on a Zr-H solid solution matrix and a platelet-like hydride
with elastic/plastic properties and with a transformation strain
based on the analysis of Carpenter [41]. The elastic-plastic analysis
of Singh et al. [45] extends an earlier analysis by Leitch and Puls
[44] and takes into account temperature-dependent hydride
transformation strains, hydride moduli and hydride and matrix
yield strengths. The basis for the analysis is the recognition that (i)
there is a large volume increase (17%) associated with the trans-
formation of the a-zirconium solid solution to d-hydride and (ii) the
magnitudes of the transformation strain components are aniso-
tropic, such that the two in-plane strain components have values of
4.6% (at room temperature) but the out-of-plane component is
significantly larger (7.2% at room temperature) [41e43]. The anal-
ysis assumes that the microscopic particles (within the macro-
scopic in-plane and out-of-plane hydrides) seen in Fig. 2 constitute
a continuum whose behavior approximates that of the single disc-
shaped particle modeled by the finite element techniques [44,45].

Given its transformation strain, a precipitating hydride plate
would be expected to be under a state of triaxial compressive
stresses and strains as it grows. Importantly, for the fully con-
strained case of an axisymmetric hydride platelet precipitating in a
Zr-H matrix with temperature-dependent yield strengths (some-
what lower than those of the current Zircaloy-4 sheet), both the
Leitch and Puls and the Singh et al. analyses predict that in-plane
compressive stresses (s11 ¼ s33) exceed the out-of-plane
compressive stress (s22) for a hydride that has precipitated as
illustrated in Fig. 9a [44,45].

During the dissolution of the hydride platelet, a volume
decrease occurs as the less dense hydride dissolves, and that region
is converted to the matrix. Because the hydride platelet dissolution
process occurs most rapidly around its edges, the decrease in vol-
ume along the platelet perimeter would be qualitatively expected
to cause a stress reversal such that the in-plane stress component is
likely tensile, despite the expansion of the zirconium matrix due to
hydrogen in solution. Fig. 9b shows such an expected stress state
within a dissolving hydride platelet. The analysis that most closely
addresses this stress reversal issue is that of Singh et al., even
though they assume uniform conversion of the hydride into the
matrix due to a transformation strain decrease, rather than a piece-
wise dissolution of hydride near its edge. Nevertheless, their
analysis (as well as that of Leitch and Shi [46]) predicts in-plane
tensile stresses when the hydrides dissolve, while the out-of-plane
s22-component becomes much reduced compression (or tension)
over the central portion of the platelet [45]. Thus, as shown in Fig. 9,
both qualitative reasoning and previous analyses predict a stress
reversal [44e46] such that the stresses to change from triaxial
compression during hydride precipitation to tension as the
precipitated hydride platelet dissolves. The absolute magnitude of
the in-plane stresses is predicted to exceed the out-of-plane stress
in both the precipitated [44,45] and the dissolved cases [45].

The implications of the stress state described above for the case
of a precipitated hydride (Fig. 9a)may now be applied to understand
the previously described d-spacing characteristics within the hy-
drides. Assuming isotropic elasticity within the hydride, the
multiaxial stresses create d-spacing strains that can be calculated
from an expression that takes the form:

ε11 ¼ 1
=E½ðs11 � Vðs22þs33ÞÞ� (1)

where n is Poisson's ratio, assumed 1/3, and E the elastic modulus of
the hydride assumed to be equal to 87 GPa at 200 �C and 97 GPa at
room temperature, based on refs. [45,47].

In order to use Equation (1) to estimate the difference in d-
spacings between {111} planes parallel to the hydride face (dface)
and those {111} planes aligned with the plate edges (dedge), the
average values of the s11 and s22 stress components within the
length of a hydride were estimated using data in Figs. 5 and 6 of the
elastic-plastic analysis of Singh et al. [45]. The resulting stress
component values are shown in Table 2. These should be taken as
crude estimates, given that s11 and s22 vary considerably over the
length of the disc shaped hydride. It should also be recognized that
the stress components listed in Table 2 generate equivalent stresses
that obey the assumed hydride yield stress at the appropriate
temperature [45]. However, the high room temperature yield stress
assumed for the hydride results in excessively high predicted
values of the stress components (especially s11 ¼ s33) that will
likely be reduced by plastic relaxation. In summary, Table 2 shows
that in the precipitated state, the hydrides are subjected to triaxial
compressive stresses but with the absolute magnitudes of the in-
plane stress components exceeding the out-of-plane stress
component of the hydride plate (Fig. 7a).

In order to compare the predictions of the hydride strains with
the experimental observations, we recognize that the two in-plane
principal stresses (s11 ¼ s33) as well as the out-of-plane stress (s22)
each cause a d-spacing strain. Assuming the magnitudes of the
strains are small, we may then write the following expression for
the three strain components:

εii ¼
h
ðdiiÞfinal � ðdiiÞinitial

i.
do

(2)

where (dii)initial and (dii)final are the initial and final d-spacings in
direction “i” resulting from a stress applied on plane i (i ¼ 1,2,3)
before and after the application of the sii stress component and
do ¼ [(dii)finalþ (dii)initial]/2. The experimentally observed fractional
difference of these two d-spacings differ may be expressed as

ðDd=doÞobs ¼
�
dface � dedge

�
obs

.
do

¼
h
ðd22Þfinal � ðd11Þfinal

i
obs

.
do (3)

However, in the form of bulk hydrides, the {111} d-spacings of
the d hydrides are such that (dii)initial is independent of orientation.
The internal stress state arises from the transformation as the
embedded hydride forms. Thus, the relationships for ε11 and ε22
expressed in Equation (2) indicate that the predicted fractional d-
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spacings difference is

ðDd=doÞpred ¼
h
ðd22Þfinal � ðd11Þfinal

i
pred

.
do¼ ε22 � ε11 (4)

The value of (Dd/do)pred can be estimated if the stresses acting
on the precipitated hydride platelet are known. Both the elastic
analysis and elastic-plastic analyses of Leitch and Puls [44] and of
Singh et al. [45] shown in Table 2 predict that the stress state of the
precipitated hydride is one of triaxial compression such that
js11j ¼ js33j > js22j. This stress state has consequences to the d-
spacings within the hydrides. From Equations 1and 4, this
compressive stress state condition directly implies that precipi-
tated hydride is in a state of compression such that (Dd/do)pred > 0
or dface > dedge, as is experimentally observed and noted in earlier in
this section. In addition, Puls has calculated hydride strains using an
Eshelby analysis [28], and for the case where hydride strains are
determined as a function of temperature, hydrogen composition,
elastic moduli, and (importantly) platelet aspect ratio that in-
creases during platelet growth, those elasticity-based results also
predict that for precipitated hydrides: dface > dedge.

Based on Equations (1)e(4) and the estimated average stresses
within the hydrides, Table 2 compares the predicted hydride strains
with those determined experimentally from the measured {111} d-
spacings within the precipitated hydrides. Agreement is reasonably
good at high temperature and less good at room temperature
where the predicted d-spacing strain is much larger than the
observed value; in this case, the d-spacing measurements were
made several hours after hydride reorientation occurred, and it is
likely that plastic relaxationwould have occurred thereby reducing
the (Dd/d)obs-value. While the absolute values in Table 2 must be
viewed as rough approximations, we conclude that the stress state
within the precipitated hydrides is not only such that dface

planes > dedge planes, but also that the scale of the observed difference
is roughly that predicted by the simplified model.

Note that Dd/d ¼ (dface-dedge)/d, where dface is d{111} d-spacing
of planes aligned with the platelet face (the s22 direction) and dedge
is the corresponding d-spacing of planes aligned with the platelet
edges (the s11 and s33 directions), and d ¼(dface þ dedge)/2. The
average values of s11 ¼ s33 were obtained from s11¼ (3sm-s22)/2,
where the sm- and s22-values are from Figs. 5 and 6 of ref [27].

The second principal experimental observation relates to the
approximate bi-linear thermal expansion during heating of the
{111} hydride planes oriented with the hydride plate edges; see
Fig. 5. At low temperatures below about 190 �C, the embedded
hydrides appear to be elastically constrained by the matrix in a
stress state characterized by large compressive stresses, as seen in
Table 2. As a result, upon heating from low temperatures the con-
strained hydrides (Fig. 7a) exhibit an initial expansion rate similar
to that of the Zircaloy matrix so long as little dissolution occurs.

Above about 190 �C, the rate of hydride dissolution increases to a
level such that the dissolution of the hydrides relaxes the in-plane
compressive stresses within the hydrides as they are dissolved into
the matrix. The resulting stress reversal causes tensile stresses in
the plane of the hydride, as illustrated in Fig. 9b(although the out-
of-plane stress component s22 may remain compressive near the
central portion of the hydride). These in-plane tensile stresses,
which are especially pronounced near the dissolving perimeter of
the hydride, enable the hydride to expand within its plane (i.e., the
dedge component) with minimal constraint and at roughly its
inherent thermal expansion rate: the unconstrained thermal
expansion rate of hydrides (z20 � 10�6/�C). The result is a change
in the expansion rate once dissolution initiates during heating
resulting in bi-linear thermal expansion of the hydride within its
plane.
The final observation is the thermal contraction that occurs upon
heating in the d-spacings of those d{111} planes aligned with the
platelet face (i.e., the dface component). In the present study (see
Figs. 6a and 8a), this contraction effect is observed during the
heating/dissolution of the out-of-plane hydrides that have previ-
ously formed under the applied load and that initially exhibit the
anisotropic strain state that results in dface > dedge. As described
earlier, once hydride dissolution begins and the compressive
constraint of the matrix is relaxed, a stress reversal occurs within
the dissolving hydrides such that tensile in-plane stresses
(s11 ¼ s33) are created. Along with the rapid thermally induced
expansion of the edge-oriented planes within the hydride dis-
cussed in the previous section, the relaxation of the constraints due
to the stress reversal causes thermal contraction of d-spacings of the
planes aligned with the hydride faces. This combined effect enables
the d-spacing of the hydride to revert to its isotropic d-spacing
value: dface planes ¼ dedge planes. In other words, the observed ther-
mally induced contraction of d{111} planes aligned with the hy-
dride platelet faces can be interpreted as resulting from hydride
dissolution relaxing the compressive stress state that caused the
anisotropic d-spacing for those planes in the first place.

Finally, Puls has calculated the elastic strains in hydride platelets
using an Eshelby analysis based on anisotropic transformation
strains (such as Carpenter's [41]) and as a function of temperature,
hydrogen composition, elastic moduli, and hydride platelet aspect
ratio [28]. In this model, a hydride precipitate with a large length-
to-width ratio is predicted to exhibit the dface > dedge anisotropy
experimentally observed here, although the magnitude of the d-
spacing difference is understandably over-estimated in this elastic
analysis. Hydride dissolution is modeled by hydride shape changes
in amanner consistent with dissolution near the platelet perimeter,
and again the correct trends in d-spacings during dissolution (i.e.,
increasing dedge and decrease dface) are predicted. However,
experimentally observed details such as the bilinear thermal
expansion of dedge with a transition near the onset of dissolution [8]
are not well predicted. Based on the expected stress state within a
precipitated hydride platelet and the stress reversal that occurs
during dissolution, we show that all of the experimentally observed
d-spacing effects (including the approximate scale of d-spacing
anisotropy within precipitated hydrides) can be interpreted.

4. Conclusions

The main aim of this study was to investigate the characteristics
of hydride reorientation that occurs in Zircaloy-4 under amultiaxial
stress state characteristic of the vacuum drying operations of spent
nuclear fuel. In-situ high energy X-ray diffraction experiments us-
ing synchrotron radiation were performed using a double edge-
notched tensile sample design that imposes a near plane-strain
stress state within the specimens. Matching the stress state calcu-
lated by finite element analysis at specific locations within a
specimen local hydride microstructure made it possible to inves-
tigate the dissolution-precipitation behavior of both in-plane and
out-of-plane (radial-type) hydrides during thermo-mechanical
treatment. The major conclusions are as follows:

1 Within hydride precipitates, the d-spacing of the d{111} hydride
planes parallel with the hydride platelet faces, for both
circumferential and radial hydrides, is higher than that of the
hydride planes aligned with the platelet edges.

2 Upon heating from room temperature, the d-spacings of those d
{111} planes aligned with the hydride plate edges exhibit an
approximate bi-linear thermal expansion, initially increasing at
a rate close to that of the Zircaloy matrix, but above 190 �C, close
to that of the unconstrained hydride.
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3 During dissolution of the hydrides during heating at elevated
temperatures, the d-spacing of those d{111} planes oriented
parallel to the hydride plate face initially contract upon heating.
This contraction continues until that d-spacing is similar to that
of the d{111} planes aligned with the dissolving platelet “edge”.

4 Consistent with finite element analyses [44,45], the multiaxial
(compressive) stress state within precipitated hydride platelets
results in anisotropic strains within the hydride such that dface
planes > dedge planes (Conclusion No.1). In addition, the stress state
reversal predicted with the onset hydride dissolution (as shown
in Figs. 5, 6 and 8) is consistent with the presence of both the bi-
linear thermal expansion of d{111} planes aligned with the
platelet edges (Conclusion No. 2) and the thermal contraction of
those d{111} planes aligned with the platelet faces (Conclusion
No. 3).

5 The above d-spacing observations indicate that both in-plane
(circumferential) and out-of-plane (radial) hydrides are in the
same strain state and likely in the same stress state as well. The
applied load to reorient hydrides changes only the orientation of
the hydride platelet face.
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