
This article appeared in a journal published by Elsevier. The attached
copy is furnished to the author for internal non-commercial research
and education use, including for instruction at the authors institution

and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party

websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/copyright

http://www.elsevier.com/copyright


Author's personal copy

In situ study of hydride precipitation kinetics and re-orientation
in Zircaloy using synchrotron radiation

K.B. Colas a,⇑, A.T. Motta a, J.D. Almer b, M.R. Daymond c, M. Kerr c, A.D. Banchik d,
P. Vizcaino d, J.R. Santisteban e

a Department of Mechanical and Nuclear Engineering, Penn State University, University Park, PA, USA
b Advanced Photon Source, Argonne National Laboratory, Argonne, IL, USA

c Department of Mechanical and Materials Engineering, Queen’s University, Kingston, ON, Canada
d CNEA, Buenos Aires, Argentina

e CONICET and Instituto Balseiro, Centro Atomico Bariloche, Argentina

Received 17 December 2009; received in revised form 6 July 2010; accepted 11 July 2010
Available online 25 September 2010

Abstract

The orientation and distribution of hydrides formed in zirconium alloy nuclear fuel cladding can strongly influence material behavior
and in particular resistance to crack growth. The hydride microstructure and hydride platelet orientation (whether in-plane or radial
relative to the cladding tubes) are crucial to determining cladding failure limits during mechanical testing. Hydride formation is normally
studied by post-facto metallography, performed at room temperature and in the absence of applied stress. This study uses synchrotron
radiation to observe in situ the kinetics of hydride dissolution and precipitation in previously hydrided Zircaloy samples. The experi-
ments allow the direct observation of hydride dissolution, re-precipitation, and re-orientation, during heating and cooling under load.
The solubility limits and the hydride-matrix orientation relationship determined from in situ experiments were in good agreement with
previous post-facto examinations of bulk materials. The present measurements performed under stress and at temperature showed a
characteristic diffraction signature of reoriented hydrides. The results suggest a threshold stress for hydride re-orientation between 75
and 80 MPa for the microstructure/texture studied. These results are discussed in light of existing knowledge.
� 2010 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Zirconium alloys are used in the nuclear industry world-
wide for nuclear fuel cladding because their combination of
low neutron capture cross-section, good mechanical prop-
erties, and corrosion resistance makes them uniquely suited
for in-reactor applications. In light water reactors (LWRs)
hydrogen ingress occurs during waterside corrosion of the
zirconium alloy cladding of the nuclear fuel rods. For high
burn-up fuel, oxide thicknesses up to 100 lm and hydrogen

content in excess of 700 wt. ppm have been observed [5].
This hydrogen uptake is detrimental to fuel cladding per-
formance [1,2]. This is because the solubility of hydrogen
in zirconium is low (below 10 wt. ppm at room temperature
[4]) and brittle zirconium hydride phases form, which can
degrade the cladding mechanical properties [6].

The hydrides observed in fuel cladding exposed to reac-
tor environment are most often fcc delta hydrides ZrHx

(where x�1.6) [7] although gamma and epsilon hydrides
are occasionally observed [8,9]. Delta hydrides are shown
by electron microscopy to be platelet-shaped and to form
with a near (1 1 1)d//(0 0 0 2)a orientation relationship
with the alpha zirconium matrix [10]. The larger macro-
scopic hydride plates observed optically have been
reported to be constituted of a stacking of several of these
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microscopic platelets [11]. The orientation and morphol-
ogy of these macroscopic hydrides are primarily depen-
dent on the zirconium matrix microstructure, thermal
history and stress state (both applied and residual). In
the absence of a stress field, hydride precipitation is
dependent on the texture of the zirconium matrix and is
governed by the orientation of the last compressive step
in the thermo-mechanical treatment [12]. The presence
of a sufficiently high applied stress field causes the hydride
platelets to precipitate preferentially perpendicular to the
applied stress direction. The level of applied stress
required for hydride re-orientation is dependent on the
microstructure and prior processing [13]. Because of this,
concern has arisen that hydride re-orientation (by dissolu-
tion and re-precipitation under load) could occur during
temperature and loading cycles during dry storage of
spent fuel, which would cause the fuel cladding to become
more brittle. As a result, understanding of hydride re-ori-
entation is of great technological importance.

Most analyses of hydride microstructural changes have
been performed post-facto, at room temperature and
under no applied stress. In many of these analyses, the
hydride orientation is measured on metallographs before
and after heating and loading cycles [14–16]. These studies
show that re-orientation of hydrides is dependent on the
stress intensity and direction, the zirconium matrix tex-
ture, the initial stress state of the materials and the cool-
ing rates. It would be of great interest to combine post-
facto metallographic techniques with in situ measurements
of hydride re-orientation. Recent studies using high
energy synchrotron X-rays have demonstrated that it is
possible to observe zirconium hydride phases and distin-
guish the crystallographic nature of the hydride phases
present (delta from gamma for example) at low hydrogen
concentrations [3]. Strain measurements of zirconium
hydrides embedded in a zirconium alloy matrix have been
conduced both in the bulk and at notch tips [17,18]. Zir-
conium hydride precipitation and dissolution have also
been studied using neutron diffraction [19,20]. This tech-
nique allows in situ measurements of hydride diffracted
intensities, thus allowing to determine the influence of
heating and cooling rates on the relative volume fractions
of the delta and gamma phases. However neutron diffrac-
tion requires very long holding times at temperature (on
the order of 1 or 2 h) for the diffraction patterns of such
small volume fraction minority phases to be recorded and
therefore changes in hydride phase can only be monitored
over relatively long time scales.

The aim of this study is to present an in situ technique
for observation of hydride dissolution and precipitation
in zirconium alloys. The use of synchrotron radiation from
the Advanced Photon Source (APS) at Argonne National
Laboratory allows examination of hydride diffraction
peaks in situ with good angular resolution. The beamline
utilized has high energy X-rays allowing transmission
experiments to be performed, and is equipped with load
cells and a furnace. These techniques were used to observe

hydride re-orientation in the matrix of zirconium alloys
during heating and cooling cycles under stress.

2. Experimental procedures

Both Zircaloy-2 and Zircaloy-4 samples were used in
this study. Zircaloy-2 samples were taken from a warm-
rolled and fully recrystallized square bar of
60 mm � 60 mm. The samples were cut from the center
of the square bar to minimize deformation and/or texture
inhomogeneities. Optical examination of the microstruc-
ture of the samples both before and after hydriding
revealed a relatively homogeneous microstructure of the
matrix and the hydrides. The samples exhibit an equiaxed
zirconium grain structure with an average diameter of
20 lm. Zircaloy-4 was furnished by Western Zirconium
in the form of a 0.5 mm thick sheet in the cold-rolled stress
relieved condition. As a result the grains are not equiaxed,
but elongated in the rolling direction. The Zircaloy-2 mate-
rial used in this study was well characterized in terms of
texture/mechanical properties, as discussed below [21].
The crystallographic texture of the Zircaloy-2 was obtained
by neutron diffraction and the {0 0 0 2} and {1010} pole
figures are shown in Fig. 1. The {0 0 0 2} pole figure shows
a strong normal texture, with the basal poles are concen-
trated near the normal direction to rolling, with some
intensity along the transverse direction and little intensity
in the rolling direction. Quantitatively the basal pole tex-
ture was assessed by calculating the associated Kearns fac-
tors [13], fN = 0.887, fT = 0.101 and fR = 0.012 indicating a
stronger basal pole texture than that of common Zircaloy
tubing [13]. The sample directions are represented in
Fig. 2a, while the testing sample geometry is shown in
Fig. 2b. The Zircaloy-4 sheet texture was not measured
for this study but it is expected that this will be the typical
texture obtained for cold-rolled stress relieved sheet as
illustrated in [22].

These samples were hydrogen-charged by high temper-
ature gas diffusion, performed in several steps. First, the
native oxide layer present on the surface of the samples

Normal Direction at center, Rolling Direction at 12 o’clock

0002 10-10
RD

TDTD

RD

Fig. 1. Basal {0 0 0 2} and prismatic {1010} pole figures for Zircaloy-2
plate. The intensity scale is shown on the right [21].
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was removed by dipping the samples for 1 min in an acid
solution of one part HF, 10 parts nitric acid and 10 parts
H2O. Second, using an electron-beam evaporator a thin
layer of nickel was deposited onto the sample surface to
protect from air [22]. The samples were then hydrogen-
charged in a vacuum furnace using a mixture of 12%
hydrogen and 88% argon, introduced at 450 �C. Several
temperature cycles were necessary to charge to the desired
level of hydrogen. The total time at 450 �C was 3 h, so no
significant re-crystallization occurred [23]. The final
hydrogen contents were measured using hot vacuum
extraction, performed by Luvak Inc. For each sample
two measurements were performed with an uncertainty
of ±10 wt. ppm. Table 1 summarizes the materials used
in this study, their original thermo-mechanical treatments,
the range of hydrogen contents as well as the initial
hydride microstructure.

2.1. Metallography

Metallography was performed to characterize the
hydride morphology before and after the experiments.
The samples were mounted in epoxy casts and mechani-
cally polished to 1200 grit silicon carbide paper, followed
by chemical etching using the same solution used for oxide
layer removal. This solution preferentially etched the zirco-
nium hydrides, which allowed their observation using opti-
cal microscopy.

2.2. Synchrotron X-ray diffraction

X-ray diffraction examination of the samples was con-
ducted at beamline 1-ID at the Advanced Photon Source
at Argonne National Laboratory with the objective of
observing the dissolution and precipitation kinetics of zir-

Fig. 2. (a) Material directions and sample cutting orientation and (b) mechanical testing sample geometry.

Table 1
Summary of materials used, thermo-mechanical treatments and initial hydride microstructure (ND: normal direction; RD: rolling direction).

Material Zircaloy-2 Zircaloy-4

Thermo-mechanical treatment Warm rolled recrystallized Cold-rolled stress relieved
Original material shape Square bar 60 mm � 60 mm Sheet 0.5 mm thick
Cut sample shape Dog-bone (see Fig. 2b) Dog-bone (see Fig. 2b)
Hydrogen content (in wt. ppm) From 80 to 600 (several samples) �600

Initial hydride
microstructure 80 wt.ppm of hydrogen

600 wt.ppm of hydrogen

600 wt.ppm of hydrogen
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conium hydrides. As illustrated in Fig. 3, the experiments
were conducted in transmission geometry, using 80 keV
X-rays (k = 0.015 nm) with a beam size of 0.3 mm �
0.3 mm [24]. The high X-ray intensities available at the
beamline allow the observation of the hydride diffracted
intensity as the sample is heated or cooled. The load frame
allows the application of different stress levels to the sam-
ples as the diffraction pattern is being recorded. A high-
speed area detector (1 s time resolution) was used to collect
diffraction patterns, allowing the full diffraction rings to be
recorded. Because the data was obtained in transmission,
the diffraction signal is averaged over the full sample thick-
ness. The diffraction rings obtained can be subsequently
integrated over different angular ranges to obtain the dif-
fracted intensity from planes oriented in different directions
relative to the macroscopic sample directions. A typical
Zircaloy-2 diffraction pattern integrated over the full ring
is shown in Fig. 4.

For this study it was chosen to integrate the diffraction
rings around specific orientations close to the rolling direc-
tion (RD) and transverse direction (TD) as illustrated in
Fig. 3. Diffraction signals seen in the ‘TD’ come from crys-
tallographic planes which have their normals parallel to the
TD and diffraction signals in the ‘RD’ come from crystal-
lographic planes which have their normals parallel to the
RD. The samples were placed in an MTS� frame which
allowed computer monitoring of the applied force and
the displacement, or the displacement rate. The testing tem-
perature was controlled using an optical furnace and the
sample temperature was monitored using K-type thermo-
couples, spot welded onto the sample surface.

The typical raw data obtained during this experiment
was in the form of 10 successive 1 s exposure two-dimen-

sional images from the plate detector for each diffraction
pattern recorded (this was necessary to avoid detector sat-
uration). The 10 images were summed and averaged by a
Matlab� routine [25] and the background was subtracted
to obtain the full diffraction rings. Using the Matlab�

routine, the full diffraction rings were integrated over four
specific angular ranges of ±10� around 0�, 90�, 180� and
270�. The angular ranges obtained were then averaged
(average of the sum of 0� and 180� ranges and average
of the sum of 90� and 270� ranges) and reduced to a
one dimensional GSAS file (diffracted intensity versus
two theta angle) by the Matlab� routine. The diffraction
peaks obtained were then analyzed using a single peak fit-
ting routine available within GSAS/Rawplot� [26]. The
peaks were fitted with a pseudo-Voigt function, which is
a convolution of Gaussian and Lorentzian peak shapes.
In the GSAS fitting routine the Lorentzian full-width at
half maximum (FWHM) was kept constant, while the
Gaussian full-width at half maximum was allowed to
vary; the Lorentzian full-width at half maximum is nor-
mally associated with instrumental broadening (which
was determined independently), whereas the Gaussian
full-width at half maximum is normally associated with
sample broadening, such as from size or strain broaden-
ing. The background was fit over the entire diffraction
range using a third-degree polynomial function. The dif-
fraction peaks were fit iteratively to obtain (i) the inte-
grated intensity, (ii) the Gaussian full-width at half
maximum (FWHM) and (iii) the peak positions of the
refined peaks. When measured under stress, the shift in
peak position can be related to the elastic strain of the
diffracting crystallites (or change in stoichiometry), while
peak broadening can originate from various causes,

Fig. 3. Experimental set-up for hydride re-orientation experiments at beamline 1-ID at the APS.

6578 K.B. Colas et al. / Acta Materialia 58 (2010) 6575–6583



Author's personal copy

including size broadening, inhomogeneous elastic strain
and plastic strain broadening [27].

3. Results and discussion

3.1. Kinetics of hydride dissolution and precipitation

The determination of the dissolution and precipitation
temperatures was performed by studying the diffraction
signal from the zirconium hydrides. As the sample is heated
and the hydrides dissolve, the diffraction peak intensity
from the hydride decreases. This is illustrated in Fig. 5
where the integrated intensity for the (1 1 1)d hydride peak
is plotted as a function of time for two samples. For sake of
clarity, only the RD integration range is plotted in the fig-
ure; the data obtained for the TD integration range is very
similar; the integration range seems to have little effect in
the measured dissolution and precipitation kinetics.

The temperature during the heating cycle is shown on
the right-hand axis. The diffraction signals of the (1 1 1)d
peaks measured in two samples (containing 530 and
110 wt. ppm H) are both shown in this figure. It is clear
that the hydride peak diffracted intensity from the sample
containing 530 wt. ppm of hydrogen is higher than that
from the sample containing 110 wt. ppm of hydrogen.
When the temperature (and thus the hydrogen solubility)
is increased the hydrides begin to dissolve, and their dif-
fracted intensity decreases until at the dissolution tempera-
ture the peaks disappear. When the temperature decreases
from the maximum, hydrides precipitate from solid solu-
tion causing the hydride diffracted intensity to increase.

This data can be used to determine when the hydrides dis-
solve and precipitate and the corresponding dissolution
and precipitation temperatures. The dissolution tempera-
ture, Td, is defined as the temperature at which the dif-
fracted intensity reaches zero upon heating (all the
hydrides have dissolved) and the precipitation temperature,
Tp, is the last temperature at zero intensity (i.e. no hydrides
have yet precipitated) upon cooling. The measured dissolu-
tion and precipitation temperatures determined in samples
with various hydrogen contents are shown in Fig. 6. In this
figure, the Td and Tp for each sample are compared to Td

and Tp curves determined in Une and Ishimoto [28] using
differential scanning calorimetry (DSC). From Fig. 6 it is
seen that the measured Td and Tp for all samples corre-
spond reasonably well to the temperatures measured in
[28]. The magnitude of the hysteresis observed between
Td and Tp is also similar to that observed using DSC in
[28]. Comparison between diffracted intensity from X-ray
diffraction and DSC is justified by the fact that both tech-
niques have measured hydrogen dissolution and precipita-
tion for samples containing down to 20 wt.ppm of
hydrogen [4,29]. It is thus expected that these techniques
can be compared fairly well.

3.2. Effect of heating and cooling rates on dissolution and

precipitation temperatures

This technique also allows the study of the effect of heat-
ing and cooling rates on the dissolution and precipitation
temperatures. A sample containing 80 wt.ppm of hydrogen
was submitted to three consecutive cycles of going to

Fig. 4. Diffracted intensity versus d-spacing, obtained for the integration over the entire diffraction ring for a Zircaloy-2 sample with 600 wt. ppm of
hydrogen (logarithmic scale).
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400 �C, holding for 5 min and cooling. In each case, the
dissolution and precipitation temperatures were deter-
mined as in the preceding section. The heating rate varied
from 5 �C/s to 0.05 �C/s while the cooling rate varied from
1 �C/s to 0.05 �C/s. Little effect was seen of the heating rate
on the dissolution temperature and the values corre-
sponded as above with those measured by DSC. A small
decrease was observed in the precipitation temperature at
high cooling rates.

We should note that the different cooling rates were
obtained for consecutive thermal cycles. Measurements in
later cycles, as is well known, can be affected by a ‘memory
effect’ on hydride precipitation [30]. Thus, although mea-

surements should be considered preliminary, the more pro-
nounced effect of cooling rate on Tp than heating rate on Td

is consistent with previous work from Pan et al. [31].

3.3. Hydride re-orientation and estimation of threshold stress

for re-orientation

A second series of experiments was carried out in which
a uniaxial load was applied to the sample during cool
down. The objective of these experiments was to study
the effect of applied load on hydride dissolution and precip-
itation, including dissolution and precipitation tempera-
tures, and possible re-orientation of hydrides upon re-

Fig. 5. Evolution of the integrated intensity of delta (1 1 1) hydride peaks from the RD angular range with temperature for two temperature cycles
performed on Zircaloy-2 ND samples with 110 wt. ppm and 530 wt. ppm of hydrogen with no applied load.

Fig. 6. Hydrogen dissolution and precipitation temperatures in Zircaloy-2 as a function of hydrogen content, as compared to values for [28].
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precipitation. To determine the threshold stress for hydride
re-orientation, metallography was performed on samples
prior to and after the heat/load cycle. The radial hydride
content was estimated using image analysis. Fig. 7 shows
metallographs of a Zircaloy-4 sample with 608 wt. ppm
of hydrogen before (7(a)) and after (7(b)) the last heat-
ing/cooling cycle under load. Initially, in Fig. 7a, the
hydride platelets are perpendicular to the ND and thus
they are in-plane or ‘circumferential hydrides’. After re-ori-
entation, in Fig. 7b, some hydride platelets, have reoriented
perpendicular to the tensile direction (RD). To determine
the radial hydride content of a sample, each individual par-
ticle was counted as either a circumferential hydride, a
mixed hydride or a radial hydride. The circumferential
hydrides were those whose normals were oriented between
0� and 40� from the normal direction (or radial direction
for a cladding tube), the mixed hydrides were those whose
normals were oriented between 40� and 65� from the nor-
mal direction and the radial hydrides were those whose
normals were oriented between 65� and 90� from the nor-
mal direction. The radial hydride content in per cent was
defined as:

RHC ¼ 100� ð0:5� NMH þ N RHÞ=NTOTAL ð1Þ
where the RHC is the radial hydride content in per cent,
the NMH is the number of mixed hydrides, NRH is the num-
ber of radial hydrides and NTOTAL is the total number of
hydrides. According to this definition the RHC of the hyd-
rided cladding shown in Fig. 7a was 15% while that of 7(b)
was 33%. The radial hydride content increases after the
heat/cool cycles if the applied load causes a high enough
stress. Fig. 8 shows the variation of the RHC with applied
tensile stress for Zircaloy-2 and Zircaloy-4 samples with
approximately 600 wt. ppm of hydrogen. The initial RHC
for all samples was between 15 and 20% as represented
by the value at zero load. For the Zircaloy-2 samples, the
per cent of radial hydrides after cooling under a stress of
75 MPa was about 40%, compared to initial values of
about 20%. The fact that no meaningful difference in
RHC is seen between the Zircaloy-2 samples cooled at
stresses from 75 to 100 MPa (significant RHC increase is

seen in both) suggests that the threshold stress is lower than
75 MPa. For the Zircaloy-4 sample, a clear increase is ob-
served of the RHC after a temperature cycle at about
85 MPa and no increase is seen after a temperature cycle
at 75 MPa, which suggests that the threshold stress for
re-orientation in this Zircaloy-4 is between those two val-
ues. However, it should be noted that for the Zircaloy-4
data point at 75 MPa load, 10% of the hydrides remained
un-dissolved during the last heating/cooling under load cy-
cle. This could cause the obtained RHC to be lower than
expected for full dissolution of hydrides. Therefore the
threshold stress for re-orientation of our Zircaloy-4 mate-
rial could be lower than the 80 MPa that the data suggests.

The diffraction patterns from the reoriented hydrides
exhibit a particular ‘signature’ when compared to those
of non-reoriented hydrides. Specifically the hydride peak
broadening reveals a particular behavior for reoriented
hydrides. In Fig. 9, the Gaussian full-width at half maxi-
mum (FWHM) of the (1 1 1)d hydride peaks obtained from
GSAS fits is plotted as a function of time during a thermal
cycle under load. As in Fig. 5, the temperature cycle is

Fig. 7. Optical metallography of hydride orientation before and after cooling under load (a) Zircaloy-4 sample with 608 wt. ppm of hydrogen and (b) same
sample after being heated up to 500 �C then cooled down with an applied tensile stress of 85 MPa (indicated).

Fig. 8. Evolution of radial hydride content in per cent with tensile load
applied to the sample for Zircaloy-2 and Zircaloy-4 samples which have
approximately 600 wt. ppm.
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represented by a solid line linked to the right-hand axis.
Only the cooling side of the heat/cool cycle is shown.
The load is applied in the RD when the temperature has
reached a maximum and kept at a constant level upon cool
down (load-controlled).

As the sample is cooled, the (1 1 1)d hydride peak
intensity again increases, as was shown in Fig. 5. The
full-width at half maximum of the hydride peaks is cal-
culated from the diffraction pattern and compared to
the value before the heat/cool cycle. When this compar-
ison is performed for the sample cooled without applied
stress, the full-width half maximum of the (1 1 1)d
hydride peak returns to the value before the temperature
cycle and remains constant thereafter. This is true for
hydrides planes oriented in both TD and RD (data not
shown due to space constraints). In contrast, for the
samples cooled under load (Fig. 9) a marked difference
is observed between the behavior of the full-width at half
maximum of the delta (1 1 1) hydride peak for planes
oriented in the TD and RD (the load is applied along
RD). While the FWHM of the hydride planes whose
normals are oriented along the direction perpendicular
to the load (TD) behave in the same manner as those
cooled under no stress,(returns to the previous value
and remains constant), the FWHM of the delta (1 1 1)
hydride planes whose normals are oriented parallel to
the load show a different behavior. In this latter case
the full-width at half maximum returns to the initial
value upon initial precipitation and then continues to
increase as the sample is cooled further. This behavior
has been observed in both samples where hydride re-ori-

entation occurred (i.e. in the samples under 85 and
100 MPa stress) but not in samples in which hydrides
did not reorient (in the sample cooled under 75 MPa
stress or in the samples in which no load was applied).

It should be noted that the zirconium peaks have also
been fitted and monitored during the in situ experiment.
Within experimental uncertainty, the positions of the zirco-
nium peaks followed the expected behavior from thermal
expansion. After removing the load at the end of the exper-
iment, the zirconium peak positions returned to their initial
values, suggesting that no permanent deformation was
observed in the zirconium. The zirconium peaks’ integrated
intensities and widths did not vary significantly under
applied load during cool down. This suggests that the
observed ‘signature’ for hydride re-orientation is due only
to hydride behavior and that there is not a significant effect
of zirconium matrix creep during the time of the
experiment.

Peak broadening can result from strain broadening
(both elastic strain and plastic strain), and from size broad-
ening [27]. In this case, because the observed broadening
increases as the hydrides grow (sample cools further) size
broadening is ruled out as the main cause of the FWHM
increase in the direction parallel to the load. The broaden-
ing then suggests that additional strain is incurred on the
hydrides whose normals are oriented in the direction of
the applied stress (the reoriented hydrides), as they grow
relative to those who are not. It is not possible based on
the data presented so far to determine whether such strain
is elastic or plastic. Further work is required to resolve this
question.

Fig. 9. Full-width at half maximum of the delta (1 1 1) hydride peaks of a Zircaloy-4 sample with 530 wt. ppm of hydrogen during the heat cycle shown.
Sample was cooled under 85 MPa applied stress, resulting in hydride re-orientation.
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4. Conclusions

Detailed X-ray diffraction measurements were per-
formed on various hydrided zirconium alloys samples using
synchrotron radiation. The objective of the study was to
validate the use of transmission diffraction experiments
for in situ determination of the kinetics of dissolution
and precipitation of zirconium hydrides as a function of
applied load and temperature. The secondary objective of
this study was to identify a diffraction “signature” associ-
ated with hydride re-orientation. Both in situ and ex-situ
experiments were performed on samples of different orien-
tations, under different levels of load, and the results were
compared to metallographical examination. The dissolu-
tion and precipitation of hydrides was followed by record-
ing the intensity of hydride diffraction peaks as the
temperature was varied.

� The dissolution and precipitation temperature when
heated and cooled under no applied stress were deter-
mined in situ for samples hydrided to various levels
and under various cooling rates. The results were in
good agreement with DSC literature values at slow cool-
ing/heating rates.
� Upon application of stress during cooling from a tem-

perature at which all hydrogen was dissolved, a fraction
of the hydrides were found to reorient upon re-precipita-
tion such that their habit planes were perpendicular to
the applied stress direction. The degree of re-orientation
was measured by the radial hydride content, which
increased from 15 to 40% upon re-orientation. This re-
orientation occurred for all samples at applied stresses
above 80 MPa.
� A diffraction “signature” of reoriented hydrides was

identified by studying the full-width at half maximum
of the precipitated hydride peaks. The FWHM for the
hydrides planes oriented perpendicular to the applied
stress direction was found to increase after precipita-
tion, while the FWHM of the hydrides planes oriented
parallel to it did not. This signature was only
observed in samples in which hydride re-orientation
occurred.
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