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Zirconium-based components in nuclear power plants are embrittled by precipitates of d zirconium
hydride, which involves a martensitic-type transformation of the hexagonal a-Zr lattice into the face-
centered cubic Zr sublattice of the hydride. As a result, the hydride precipitates have a complex and
heavily distorted internal structure that manifests as broad peaks in X-ray diffraction experiments. By a
detailed analysis of the peak widths measured for different crystal planes we have found that most of this
broadening is the result of dislocations. The analysis also showed that d-hydride has very anisotropic
mechanical elastic properties, in agreement with ab-initio simulations presented in the literature.

Provided with this peak-broadening model, we have quantified dislocation densities within d-hydrides
precipitated in several Zr alloys, by analyzing previously published X-ray diffraction experiments per-
formed at three synchrotron X-ray sources. The specimens investigated correspond to components
affected by different hydride embrittling processes, namely: (i) samples from various components,
charged in the laboratory with H contents in the ~250 wt ppm range, (ii) laboratory-produced hydride
blisters in Zr2.5%Nb pressure tubes; and (iii) Zircaloy-4 specimens machined from cooling channels of
Atucha I nuclear power plant after 10 years in-service, containing ~140 wt ppm of equivalent H content
and subjected to an estimated fast neutron fluence of ~1022 neutrons/cm2. Results show that dislocations
densities in the d-hydrides are large (5e20 � 1015 cm�2) and vary among the different specimens. We
also found that dislocations densities in the hydride are proportional to the fraction of hydrides already
formed in the matrix, which was interpreted as the effect of matrix hardness in the precipitate structure.

© 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Zirconium alloys are widely used in the nuclear industry due to
their low neutron absorption, good mechanical properties and
corrosion resistance at operation temperatures. Zr alloys are
embrittled by H absorbed in-service, which precipitates as a brittle
hydride phase. Hydride embrittlement may occur mainly through
three mechanisms:

i) At relatively low H concentrations (<1200 wt ppm H), small
hydride precipitates reduce the overall strength of these al-
loys, with the impact on mechanical properties being highly
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dependent on the size, shape and orientation of the pre-
cipitates. A ductile-brittle transition is observed in Zircaloy-4
when the H content is higher than a critical value which
depends on the alloy microstructure [1,2].

ii) In thermal gradients H concentrates at cold regions, forming
hydride rims or blisters, i.e., macroscopic regions with very
high H content (~12000e16000 wt ppm H). This affects the
long term storage of spent fuel from nuclear power plants
[3], and it has produced the failure of pressure tubes in the
past [4].

iii) Over long operational periods, stressed components such as
pressure tubes or welded parts may suffer from Delayed
Hydride Cracking [5], a failure mechanism where crack
growth occurs by repeated precipitation and fracture of small
hydrides at the crack tip [6].
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In all of these situations H precipitates as d-hydride (ZrHx with
1.6 < x < 1.64 at room temperature), one of the four compound
phases found in the ZreH system, which has a density ~17% lighter
than pure Zr [7]. d-phase precipitates appear as plateletes to the
optical microscope, but at higher magnification these platelets are
observed to be in fact composed by clusters of smaller sword-like
hydrides [8]. The d hydride is a defected structure in which the
protons occupy approximately ¾ of the available tetrahedral
interstitial sites of a face-centered cubic Zr sub-lattice with an
almost constant lattice parameter for the full range of H composi-
tion (~4.779 Å at room temperature) [9e12]. Understanding the
mechanical response and eventual fracture of embedded d-hydride
precipitates due to applied loads is essential to model, and even-
tually mitigate embrittlement [13]. This requires knowledge of the
elastic constants and active modes for plastic deformation of the d-
hydride. Also central to all models is a quantification of the stress
state and plastic deformation within and around the hydride pre-
cipitates that results from accommodation of the localized volume
change involved in the phase transformation (a-Zrþ xH/ d-ZrHx).
Large uncertainties still exist in the literature about these basic
aspects of hydride deformation, mainly due to the experimental
difficulties associated to investigate the mechanical response of
such small precipitates embedded within the bulk Zr matrix.

So, information about the elastic constants and deformation
modes has been obtained from tests performed on bulk, homoge-
neous, crack-free hydrides produced from pure Zr in a modified
Sieverts apparatus [14e17] and, more recently, also from Zr2.5%Nb
[18]. Microscopic observations after indentation tests [19] and after
compression tests [15], show that plastic deformation of d-hydride
involves both slip and twinning. Slip on the {111}<110> system is
the dominant deformation mechanism for as-produced single-
phase bulk d-hydride between room temperature and 250 �C
[15,19]. Dislocation lines and twin bands on a {110} twin plane are
readily observed in TEM images as intrinsic defects in the as-
produced bulk material [19].

However, the results on bulk hydrides cannot be directly
extrapolated to characterize the response of small hydride pre-
cipitates to external loads because of the constraining effect of the
metal matrix. Fracture always precedes any measureable plastic
deformation in tensile tests of bulk pure d-hydride. On the other
hand, recent in-situ synchrotron X-ray diffraction experiments
during mechanical testing have revealed the details of the elastic
and plastic response of the hydride precipitates in uniaxial tests in
Zircaloy-2 [20] and in Zircaloy-4 [21]; and in notched CT specimens
[22,23]. There is still no agreement about the interpretation of the
response of hydride precipitates to uniaxial loads.

From the information reported for bulk d-hydrides we can as-
sume that plastic deformation of the hydride precipitate in aZr
results mainly from slip. Hence, the plastic response and eventual
fracture of hydride precipitates to applied loads would be greatly
dependent on the dislocation density within the hydride prior to
the test. High dislocations densities have been reported in TEM
observations of d-hydride precipitates embedded in Zr2.5%Nb [8]
and in Zircaloy-4 [24,25]. In the latter case, dislocation densities
within hydride precipitates have been estimated to be
~1.1e1.5 � 1015 m�2 for Zircaloy-4 containing ~1000e2000 wt ppm
H, both from TEM observations [24] and from neutron diffraction
peak profile analysis [25].

Here we present measurements of dislocation densities within
hydride precipitates present in specimens affected by different
hydride embrittling processes, namely: (i) samples from various
components, charged in the laboratory with H contents in the
<300 wt ppm range, (ii) laboratory-produced hydride blisters in
Zr2.5%Nb pressure tubes; and (iii) Zircaloy-4 specimens machined
from cooling channels of Atucha I nuclear power plant after 10
years in-service, containing ~140 wt ppm of equivalent H content
and subjected to an estimated fast neutron fluence of ~1022 neu-
trons/cm2. The wide variety of specimens investigated allowed an
estimation of the range of dislocations densities existing on the
hydrides present in typical nuclear components.

Dislocation densities were obtained through a detailed quali-
tative and quantitative analysis of peak shape measured for
different hydride reflections in synchrotron X-rays diffraction ex-
periments. The dependence of peak width on crystal reflection was
interpreted in terms of the results obtained from fitting of the
experimental diffractograms by the convolutional multiple whole
profile (CMWP) procedure [26,27]. This model gives as output a
theoretical diffractogram which can be directly compared to the
experimental one, where different contributions to the peak shape
are included: instrumental broadening, particle size, dislocation
density with the corresponding contrast factors and planar defects
as twinning and stacking faults.

This paper is organized as follows. Section 2 gives a brief
description of the different samples investigated, and the syn-
chrotron X-ray diffraction facilities used to test them. Section 3
presents a thorough qualitative and quantitative study of the
characteristic dependence observed for the physical broadening of
d hydride lines (d-{hkl}) on the inverse of the interplanar distance
(K ¼ 1/dhkl). Section 4 presents the line profile analysis for the
specimens, which provides information on the accumulation of
plastic deformation within d-hydride precipitates as a response to
neutron irradiation, microstructure and compositional variations at
the time of precipitation. Section 5 discusses the present findings in
terms of existing knowledge about the plastic deformation of d-
hydride precipitates.

2. Samples and testing

The diffraction experiments analyzed herewere performed over
the last six years at three synchrotron X-ray facilities in USA and
Brazil. Those experiments were originally devised to characterize
other aspects of hydride precipitates, and their findings have been
published elsewhere [28]. Those studies were based on the analysis
of the position and intensity of the observed diffraction peaks, but
over the years it became clear that d-hydride peaks were consid-
erable wider than a-Zr peaks, and presented a very characteristic
pattern on reflection index. This is exemplified in Fig. 1, showing a
detail of a diffractogram registered for a hydride blister, at a loca-
tion where the volume fractions of a-Zr and d-hydride were nearly
equal. The d-(220) and d-(200) peaks are considerably wider than
the a-(11e20) and a-(10e11) peaks, respectively, even when the
instrumental resolution is almost identical, due to the close prox-
imity between the a and d peaks displayed in the figure. This
motivated a thorough analysis of peak width, in order to extract
some additional information from those past experiments.

The experiments analyzed in this work were chosen because
they represent examples for several of the hydride degradation
mechanisms mentioned in the Introduction; but also because they
provide an insight on how plastic deformation of the d-hydride
precipitate depends on neutron irradiation, and on the micro-
structure and hydride concentration of the Zr-alloy. The chemical
compositions of the specimens studied here and the synchrotron
beamlines used for testing are listed in Table 1. In the section below,
we provide only a brief account about specimen preparation and
experimental methods for the different specimens, and the reader
is referred to the original papers for additional information.

2.1. Hydride blisters in Zr2.5%Nb pressure tubes

A hydride blister was grown on a coupon machined from a



Fig. 1. Details of two sections of the diffractogram measured in the blister along line X
at a distance x ¼ 1.5 from the center. Peaks of both d-hydride and a-Zr are compared.
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CANDU pressure tube following the procedure described in
Ref. [29]. In brief, the procedure consists of charging coupons to a
concentration of ~160 wt ppm H from H gas at 320 �C using
Sieverts-type device. After that, the H distribution is homogenized
without affecting the microstructure of the material, by annealing
at 400 �C for 1 h. A blister was produced on the outer surface of the
sample by pressing an aluminium cold finger ~200 �C while the
sample was kept in an electric furnace at ~320 �C for 1650 h. X-ray
diffraction experiments were performed at beamline 1-ID of the
Advanced Photon Source at Argonne National Laboratory, with a
monochromatic beam of 0.15 Å wavelength and an area detector
(2048� 2048 pixels of 200� 200 mm2 pixel size) located at 1.948 m
from the sample [28]. The blister is almost fully composed of d-
hydride with just a small fraction of g hydride present near the
blister-matrix interface. Fig. 2-(a) displays the cross section of the
blister on the axial-radial plane of the pressure tube. Below the
surface, the blister has a semi-ellipsoidal shape up to a maximum
depth of around 750 mm from the tube outer surface. Several cracks
are clearly visible on the blister surface. Outside the blister, hy-
drides appear as dark horizontal parallel lines on the white back-
ground corresponding to the metal matrix. Diffraction images were
obtained at different positions along a line parallel to the surface of
the tube, as indicated in the figure. The hydride volume fraction
within the blister along Line X and Line Y are also shown in Fig. 2.
These curves were determined from the variation in the intensity of
Table 1
Chemical composition of the Zr alloys before H charging. The XRD facility where measur

Sample XRD facility Sn

PT e Blister APS-ANL-USA
Zircaloy-4 Unirradiated (Zry-H260) LNLS Brasil 1.49

Zircaloy-4 Irradiated (Zry-IR) LNLS-Brasil 1.6
the hydride peaks. At the center, the blister is formed by 80% of d-
hydride and 20% of a-Zr. This corresponds to a concentration of
about 14500 wt ppm of H, which falls to approximately
3200 wt ppm H near the blister-matrix interface.

Instrumental broadening was determined by measuring a
reference LaB6 specimen. Data processing included correcting the
2D diffractograms by dark current, flat-field and spatial distortion
corrections. Following, the diffraction images were converted into
2q diffractograms that are analyzed as conventional q-2q scans.
Typical diffractograms obtained at the base material, near the
blister/matrix interface, and at the blister center are presented in
Fig. 3 a-Zr lines appear as sharp peaks as indicated in red, witch
decrease in intensity as entering into the blister. By contrast, at the
blister center the diffractogram is dominated by seven, well defined
d-hydride peaks (indicated by dotted vertical lines), and most a-Zr
peaks are barely visible. Quick comparison of Fig. 3 a and c reveals
that d-hydride peaks are much broader than a-Zr peaks over the
whole 2q range. At the blister interface the d(111) and a(10e10)
peaks have comparable intensities, and whilst the d(200), d(220)
and d(311) peaks are still well defined, the higher order d(222),
d(400) and d(331) peaks are diffused in the background, or partially
overlapped with intense a peaks. Outside the blister, only the most
intense d-hydride peaks are visible, appearing in some cases as
shoulders of the strong a-Zr reflection.

2.2. Irradiated Zircaloy-4 specimens from cooling channels of
Atucha I power plant

These samples were extracted from a cooling channel after 10
years in service at the Atucha I nuclear power plant, Argentina (Zry-
IR). These vertical cooling channels consist of 6 m long Zircaloy-4
tubes, produced by bending and axial welding of cold rolled
sheets, and are designed to withstand the entire lifetime of the
reactor. The fuel elements are located within the channels and
cooled by heavy water that circulates upwards, increasing its
temperature from 250 �C at the bottom to 305 �C at the top. The
channels are subjected to a fast neutron flux (>1 MeV) peaking at
the center of the channels, at a nominal value of 3.76 � 1013 neu-
trons/(cm2 sec). Three Zircaloy-4 specimens were extracted from
the center of the reactor, where the operation temperature is
~275 �C, after an estimated neutron fluence of ~1022 neutrons/cm2.
The original material contained a H concentration of about
15 ± 5 wppm. The corrosion reaction occurring in service between
Zircaloy-4 and the heavy water while in service releases deuterium
(D), part of which is incorporated into the metal. In this way, the
total equivalent hydrogen isotope concentration in wt ppm is given
by Heq ¼ Hþ1/2*D, where H is the hydrogen content of the original
material. The Heq content in the material from the center of the
channel was 140 wt ppm of H, as measured with a LECO RH-404 m
calibrated with deuterium gas. Synchrotron X-ray diffraction ex-
periments were performed at the XRD#1 beamline of the LNLS, in
Campinas, Brazil, with a monochromatic beam of 1.542484(1)Å
wavelength and with a q/2q layout in reflection geometry. Angular
scans performed with a 0.05� step over a 2q range of
20� � 2q � 130�. After an initial measurement of each specimen,
ement was done is also indicated.

Fe Cr Nb Impurities (wppm)

2.5
0.2 0.11 O < 1100

Ni < 49
Hf < 100

0.22 0.065 Ni < 32



Fig. 2. Experimental setup for the blister sample, the X ray beam impacts along the hoop direction of the pressure tube. Images of the Debye-Scherrer rings are collected by a CCD
detector placed behind the sample at different points within the blister as indicated by the squares along line X and line Y. The d-hydride and aZr volume fractions are shown along
these two lines.

Fig. 3. q-2q diffractograms at three positions in the blister along line Y, hydride peaks
are indicated by the vertical dashed blue lines. The angular position of the aZr peaks
are indicated by the red lines at the top of the figure. At the center of the blister, up to 7
peaks of d hydride phase are well resolved. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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two of the specimens were further annealed to recover irradiation
damage, and re-measured. One specimen (Zry-4-IR-400C-72h) was
annealed at 400 �C for 72 h, and the other specimen (Zry-4-IR-
600C-24h) at 600 �C for 24 h. An un-irradiated specimen (Zry-
H260) from the same Zircaloy-4 sheet loaded with 260wt ppm of H
by the cathodic charge technique and homogenized by annealing at
550 �C during 3 h was also measured for comparison.

A Zr powder of large grain size was used as reference specimen
to subtract the instrumental broadening. The reference powderwas
produced by filing of un-irradiated Zircaloy-4 sheet, followed by an
annealing treatment in order to obtain a fully-recrystallized and
strain-free microstructure. The integral breadth of this specimen
was almost undistinguishable from a LaB6 standard. Use of Zr
powder as standard avoids extrapolation of the instrumental
broadening to the angular position of the aZr diffraction peaks.

3. Physical broadening and integral breadths of d-zirconium
hydride

3.1. Data analysis

The measured peak profile or experimental broadening, is the
result of the convolution between the instrumental broadening of
the diffractometer and the physical broadening, introduced by the
sample [30]. The instrumental broadening results from the wave-
length and angular spread of the incident beam, and the finite sizes
of beam, sample and detectors. It is commonly defined by
measuring a “perfect” or standard powder sample. The physical
broadening represents the departure of the real material from a
perfect and infinite array of atomic layers. Hence, information
about the size of the diffracting domains and their internal strain
state is estimated from the magnitude and angular dependence of
the physical broadening rather than from the experimental
broadening.

The method implemented here to obtain the physical broad-
ening (PB) from the experimental broadening (EB) and the instru-
mental broadening (IB) is briefly described in Fig. 4, which
corresponds to a narrow 2q range of the diffractogram presented in
Fig. 3-b. The same data range shown in Fig. 4 was also displayed in
Fig. 1-b, but plotted on d-spacing scale instead of the instrumental
2q scale. For every diffractogram, we first determine the position,
intensity and shape of all peaks (for both d-hydride and a-Zr), by
performing a least-squares refinement using a pseudo-Voigt peak
profile on top of a linear background. As exemplified by Fig. 4-(a),
simultaneous fitting of two or more peaks becomes necessary for



Fig. 4. Procedure used to obtain physical broadening from the experimental peaks. a) comparison between the experimental points (hollow circles) and fitting (solid black lines)
considering the contribution of the diffraction peaks as pseudo-Voigt functions (blue dashed line for a(10e10) and red dashed line for d(200)) and a linear background (dashed
magenta). The dashed green line shows an extrapolation of the diffraction peak expected for a standard sample (instrumental broadening) for this angular range. b) Fourier co-
efficients of the standard sample (FT(Instr)), of the fitted pseudo-Voigt function for d(200) FT(Exp), and the resulting values for the physical brosening after deconvolution FT(PB). c)
Physical broadening function of d(200) peak obtained from the Fourier coefficients FT(PB) shown in b). (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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some angular ranges, due to the superposition of a-Zr and d-hy-
dride peaks. In this way, it is possible to obtain valuable information
from partially overlapping peaks. The black solid line shows the
refined curve to the experimental data (open symbols), whilst the
dashed blue and dashed red lines represent the individual peaks
contributing to the refined profile. Background is shown as a flat
dashed magenta line. The instrumental broadening for the 2q angle
corresponding to the d-(200) peak is represented by the dashed
green line, as estimated from the diffractogram recorded for a LaB6
standard sample. As LaB6 peaks appear at different 2q angles than
a-Zr and d-hydride peaks, the instrumental peak shown in the
figure was calculated by extrapolation of the pseudo-Voigt co-
efficients measured over the full 2q range for LaB6. The figure shows
that the a-(10e11) peak (blue) is slightly broader than the instru-
mental broadening, whilst the d-(200) peak (red) is considerably
much broader.

The physical broadening for each peak is obtained bymeans of a
deconvolution process, based on the Fourier transforms of the in-
dividual peaks shown in Fig. 4-a. Fig. 4-b shows in red the real part
of the Fourier transform of the experimental d-(200) reflection,
FT(Exp), and in green line the Fourier transform of the corre-
sponding instrumental broadening, FT(Instr). These Fourier trans-
forms are numerically calculated from the fitted and estimated
pseudo-Voigt profiles shown in Fig. 4-a in identical colors and
lines. FT(Exp) and FT(Instr) are presented as a function of a char-
acteristic length L (in Amstrongs). Due to the intrinsic properties of
the convolution procedure, the Fourier transform for the physical
broadening, FT(PB), can be directly evaluated as the ratio of those
two Fourier transforms, FT(PB) ¼ FT(EB)/FT(IB), shown by the
magenta points in Fig. 4-b. For the (200) reflection of the d-hydride,
FT(PB) and FT(Exp) are very similar because the FT(Instr) is almost
constant over the variation range of FT(Exp). This means that from
the point of view of some of the hydride peaks the instrument is
seen as having an almost perfect resolution, so any errors due to the
deconvolution process are likely to be very small. The physical
broadening, PB, shown in Fig. 4-c, is evaluated by further Fourier
transformation of FT(PB), shifted in the 2q scale so to be centered at
zero.

For further analysis we use the integral breadth, a simple scalar
magnitude quantifying the physical broadening, calculated as the
ratio between the area and the maximum intensity of the peak
displayed in Fig. 4-c. Integral breadths are commonly expressed in
terms of the dispersion DK of the momentum exchange vector
involved in the diffraction process, K ¼ 1/d ¼ 2sinq/l, with d the
interplanar distance. So, integral breadths are expressed in units of
the inverse of length (here we use nm�1). This allows comparisons
between integral breadths measured using different wavelengths l,
as we have done in the present study.

3.2. Integral breadth dependence on the modulus of the momentum
exchange K

Table 2 lists the integral breadths quantifying the physical
broadening measured for all samples studied in this work. In the
case of the blister, the values are reported for the different positions
indicated in Fig. 2, which the H concentrations shown in the same
figure. Moreover, the reported breadths correspond to diffracto-
grams constructed from the diagonal section of the square images
collected by the detector. For this azimuthal section, a greater
number of diffraction rings are accessible. Fig. 5 shows a graphical
representation of the data presented in Table 2. As it is standard
practice, integral breadths are plotted as a function of the modulus
of the momentum exchange vector K. For better clarity, only some
of the data presented in the table are included in the plot, yet the
main trends are still clear from the figure. The results for a-Zr are
also included for comparison. Comparison of the results obtained
from different specimens for a fixed K value (a column in the
Table corresponding to a particular (hkl)) show that integral



Table 2
Integral breadths of the physical broadening function for hydride peaks, obtained after deconvolution with the procedure described in Fig. 4. Results of hydrides formed in
different Zirconium alloys, grown under different conditions and measured in different instruments, are compared.

Sample H Content (ppm) (111) (200) (220) (311) (222) (400) (331)

K (1/nm)
3.629 4.197 5.94 6.942 7.259 8.393 9.137
Integral breadth (DK) (1/nm)

Line x distance to the blister center (mm) 2.4 3200þ300 0.048 0.184 0.161 0.238 0.095 0.350 0.226
2.3 3800þ360 0.047 0.214 0.180 0.265 0.103 0.382 0.238
2.05 5400þ408 0.048 0.191 0.166 0.245 0.098 0.355 0.227
1.8 7000þ300 0.055 0.245 0.196 0.289 0.113 0.403 0.258
1.5 9100þ450 0.060 0.282 0.217 0.321 0.123 0.445 0.286
1.2 11300þ530 0.064 0.324 0.234 0.349 0.133 0.493 0.306
0.9 13100þ500 0.068 0.354 0.253 0.369 0.140 0.524 0.335
0.6 14100þ350 0.071 0.360 0.270 0.381 0.142 0.521 0.358
0.3 14500þ600 0.073 0.345 0.285 0.383 0.140 0.562 0.373
0 14500þ600 0.075 0.331 0.293 0.377 0.132 0.560 0.374
�0.3 14400þ530 0.074 0.322 0.297 0.374 0.128 0.560 0.372
�0.6 14000þ300 0.073 0.312 0.292 0.369 0.126 0.491 0.361
�0.9 13200þ360 0.063 0.293 0.279 0.364 0.126 0.497 0.341
�1.2 11900þ400 0.057 0.275 0.255 0.347 0.118 0.448 0.308
�1.5 8600þ450 0.053 0.242 0.223 0.311 0.105 0.410 0.266
2.4 7300þ350 0.052 0.216 0.205 0.297 0.105 0.505 0.252

Line y distance to the blister center (mm) 0 14500þ600 0.075 0.331 0.293 0.377 0.132 0.560 0.374
�0.3 ~450 0.063 0.293 0.211 0.315 e 0.46 e

�0.6 ~250 0.045 0.20 0.15 0.2 e 0.40 e

�0.9 ~200 0.04 0.20 0.17 e e e e

Zry-H260 260 0.049 ± 0.005 0.19 ± 0.02 0.137 ± 0.01 0.16 ± 0.02 0.062 ± 0.01 e 0.222 ± 0.05
Zry-IR 140a 0.0696 ± 0.01 e 0.279 ± 0.05 e 0.12 ± 0.03 e e

Zry-IR-600-24 h 140a 0.049 ± 0.009 0.178 ± 0.05 0.1309 ± 0.009 e 0.08 ± 0.02 e 0.234 ± 0.02
Zry-IR-400-72 h 140a 0.064 ± 0.003 e 0.191 ± 0.008 e 0.068 ± 0.017 e 0.23 ± 0.09

a Deuterium.

Fig. 5. Physical line broadening DK of the most intense d hydride peaks for different H
contents for Zrly-4 and for different points in the blister grown in the pressure tube.
Peak widths of aZr are included for comparison.
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breadths of the d-hydride phase depend on both H concentration
and irradiation damage condition; whilst show little change with
the microstructure of the sample where it was grown (Zircaloy or
Zr-2.5Nb).

In particular for the d-(111) peak, the integral breadth shows a
net increase of ~80% from the blister edge (3200 ppm) to its center
(14500 ppm) along Line X, and a similar behavior is observed for
the other peaks. By contrast, the values obtained at the blister edge
are rather similar to those obtained for the Zry-H260 sample,
despite great differences in microstructure between the pressure
tube (lamellar grains of ~0.1 mm thickness) and the Zircaloy-4 sheet
material (round, equiaxed grains of ~10 mm size).

Irradiation damage broadens the peaks due to the introduction
of defects in the crystal structure. This is clear from comparison of
the results obtained for sample Zry-IR with those from Zry-H260, a
non-irradiated specimen with similar H content. The d-(111) inte-
gral breadth increases in ~40% due to irradiation, and the d-(222)
peak in about 100%. The specimen annealed at 600 �C (Zry-IR-
600C-24h) has integral breadths almost identical to those of the
non-irradiated material (Zry-H260), whilst intermediate values are
found for the specimen annealed at 400 �C (Zry-IR-400C-72h).

The dependence of integral breadths of d-hydride peaks with K
is complex, but a clear patternmanifests consistently in all samples.
The lowest integral breadths are found for the compact planes d-
(111) peaks and its higher order reflection d-(222), whilst consid-
erably much larger values are found for all other peaks. It is worth
noting that reflections with similar K values, like d-(111) and d-
(200), have breadths differing in ~700%. On the other hand, we also
observe that for the same diffracting plane breadths of higher order
peaks are always greater than lower order ones. This is particularly
clear for the d-(200) and d-(400) reflections. This marked slope of
breadth with K for the same diffracting planes suggests that strain
broadening plays a central role in line broadening. Except for the
mentioned d-(111) and d-(222) peaks, integral breadths of the hy-
dride precipitates are an order of magnitude higher than those
found for the a-Zr matrix of the pressure tube (see Fig. 5). Similar
differences were also observed for the Zry-H260 specimen. These
results show that d-hydrides have always a highly disordered
crystal structure, despite the environment where they are formed.
Moreover, a characteristic “serrated-like” variationwith K indicates
a complex dependence of peak widths with reflection order (hkl);
and suggests that valuable information about the specific type of
disorder within the hydride crystal structure is contained within
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such figure. However, many physical effects can produce broad-
ening of diffraction peaks (grain size, dislocations, stacking faults,
intergranular stresses, etc). Identification of the actual origin(s) of
the observed broadening is essential for proper interpretation of
the experimental results. With this in mind, we have also investi-
gated the dependence of integral breadths with the direction of the
momentum exchange, as described next.

3.3. Integral breadth dependence on the direction of the momentum
exchange K

The direction of the momentum exchange vector is usually not
considered in line profile analyses of polycrystalline materials, but
it is important for experiments performed on highly textured
specimens or for systems containing high levels of internal stress.
In such cases, the direction of the momentum exchange vector K is
referred to the coordinate system of the macroscopic specimen
(tube, plate, etc). Depending on the details of the experimental
arrangement, e.g., on the relative orientation between the ex-
change vector K and the normal to the hydride platelets, such
stresses could result into significant broadening of the diffraction
peaks. This is because the observed peak is the result of the su-
perposition of the intensity diffracted by a large number of crys-
tallites, suitable oriented to reflect the incident beam into the
detector, and grain stresses may introduce different strain states
among those crystallites. Hence, whilst the individual peak asso-
ciated to each crystallitemay be narrow, the combined contribution
of all peaks (shifted in position due to stress) could produce a wide
or even asymmetric diffraction peak. The effect of grain stresses
maymanifest as differences in the integral breadth measured along
different directions of the specimen. Such inter-granular stresses
dominates peak broadening of a-Zr peaks in non-annealed cold-
drawn Zr2.5%Nb pressure tubes [31], and partially account for the
differences observed in integral breadths measured along different
tube directions [32]. However, according to a recent study, they are
almost negligible for annealed tubes [33]. Besides grain stresses,
hydride precipitates in tubes and plates present strong preferred
orientations that depend on the crystallographic texture of the
parent Zr-matrix. Microstructural differences between grains
belonging to different texture components of the hydride could also
change the integral breadths measured along different directions of
the specimen.

The dependence of the hydride line shape with the direction of
the momentum exchange is easily accessible in synchrotron X-ray
diffraction experiments in transmission geometry with a 2D de-
tector. For the transmission geometry used in the high-energy
synchrotron experiments analyzed here (APS), the Debye rings
map into lines on a pole figure plot [28]. Due to the low scattering
angles involved, each diffraction ring provides information for K
vectors with directions almost perpendicular to the direction of the
incident X-ray beam. This is so because the diffracting signal comes
only from crystals whose plane normal lay parallel to the scattering
vector. Hence, variations of line shape with the azimuthal angle
around the Debye ring reveal microstructural differences between
hydride precipitates of different orientations. Fig. 6 presents the
dependence with azimuthal angle of the integral breadths
measured at two locations within the blister. The results are plotted
only for the first quadrant due to the orthorhombic symmetry of
the sample. For this experimental geometry, hydrides contributing
to the d-(hkl) peak at 4 ¼ 0� are oriented with their (hkl) plane
normal parallel to the radial direction (RD) of the pressure tube,
whilst those at 4 ¼ 90� have their plane normal pointing along the
tube axial direction (AD), as indicated by the two arrows. Inter-
mediate values of 4 correspond to hydrides having their plane
normals in between those two directions. Peaks with different
Miller indexes are identified with different colors and symbols. Due
to the square shape of the 2D detector, higher order reflections such
as d-(400) and d-(331) are only observed over a narrow angular
range around the diagonal of the detector (4¼ 45�). For lower order
peaks such as d-(222) or d-(311), missing values are due to poor
definition of peak shapes, either because of low intensity or
because of partial superpositionwith intense a-Zr peaks. Both plots
show little dependence of integral breadths with hydride orienta-
tion, with a maximum deviation of ~20% from the average. So the
values reported in Fig. 5 and Table 2 for the hydride blister can be
considered as being representative of the sample as a whole.

4. Quantitative peak profile analyses of d-hydrides using the
convolutional multiple whole profile (CMWP) procedure

There are two main causes of physical broadening in diffraction
experiments, broadly termed as “size effects” and “strain effects”,
which affect the width of diffraction peaks in different ways [34].
While “size effects” refer to an insufficient number of diffracting
planes, increasing the integral breadth of all peaks equally; “strain
effects” refer to the displacements of the atoms from their ideal
positions, and is more pronounced for those peaks involving higher
momentum exchange K. Theoretical expressions describing these
two contributions to peak broadening for powdered specimens
have long been developed [35,36], allowing the use of diffraction
experiments to estimate microstructural features such as average
particle sizes, and mean square strains within the particles. Similar
models can also be applied for microstructural studies on solid
polycrystalline aggregates such as metal alloys or compounds. In
such cases, however, a multitude of factors, such as stresses, can
contribute to the observed peak broadening. On estimating
microstructural parameters from peak profile analysis, it must be
kept in mind that the measured values are always average pro-
jections of the magnitude of interest along the direction of the
exchange vector K.

A simple qualitative calculation can show that dislocation
broadening is the dominant effects in line broadening in the pre-
sent case. Intergranular strains (IGS), εIGS, and stresses, DsIGS are
related by Hooks low: DsIGS ¼ EεIGS, where E is Young’s modulus.
Intergranular strains, on the other hand, are related to momentum
transfer as: εIGS¼DK/K, whereDK can bemeasured as the FWHMof
peak profiles produced by IGSs. Next we compare the FWHM
values, in terms of DK, for dislocation and IGS broadening. Dislo-
cation broadening, DKDisloc, as shown for example in Fig. 5, for d-
hydride varies between 0.1 and 0.5 nm�1. The order of magnitude of
broadening caused by IGSs, DKIGS, can be estimated by assuming
that DsIGSy250 MPa [37] and Ey60 GPa, providing DKIGS in the d-
hydride phase to increase from 4 � 10�3 to 4 � 10�2 in the K range
of 1e10 nm�1, respectively. With these values the relative broad-
ening caused IGSs or dislocations, DKIGS/DKDisloc, is varying be-
tween 0.04 and 0.4. This simple calculation shows that if IGSs
would play an important role in the line broadening in the d phase
then the effect would be increasingly profound in the higher angle
peaks. The Williamson-Hall plot in Fig. 5 shows, however, that,
though peak broadening is strongly anisotropic in terms of hkl
dependence, there is no substantial global increase with diffraction
angle. This qualitative behavior of the physical FWHM values
clearly indicates that the major lattice defects causing line broad-
ening in the d phase are dislocations and planar defects with no
significant effect of IGSs. The effect of IGSs in the a-Zr phase can be
excluded, as discussed before, since the specimens were annealed
before hydration. Therefore, in the present quantitative analysis we
will not consider the contribution of hydride internal stresses to
line broadening. Besides internal stresses, local variations in stoi-
chiometry (ZrHx) between different hydrides, or even within a



Fig. 6. Angular dependence along the Debye ring of integral breadth DK for d-hydride peaks measured at two locations in the blister along Line X.
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single hydride [38], could result in peak broadening. However, the
negligible dependence of lattice parameter a with x for hydride
phase [11], leads us to disregard the contribution of this effect to
line broadening.

Computer packages have been developed to estimate the
microstructural parameters from peak profile. In particular, the
CMWPmodel has proved to be one of the most efficient methods to
do such analysis [26,27]. This software includes the effect of particle
size, dislocation density with their corresponding contrast factors,
and planar defects like stacking fault and twins. A theoretical dif-
fractogram that depends on the phases present in the material and
their microstructural variables is generated and convolutedwith an
instrumental broadening function to give a diffractogram that can
be directly compared to the experimental one. An error function is
defined as the difference between the theoretical and experimental
diffractograms. Then, a least squareminimization procedure is used
to optimize the microstructural variables of each phase present in
the material.

This software was applied for diffractgrams collected at selected
points along the blister, for the Zircaloy sample with low H content
and for the irradiated Zircaloy sheets too. To illustrate the quality of
fitting, Fig. 7 shows a comparison between the experimental dif-
fractogram as points and the CMWP output after optimization as
blue lines for two different positions in the blister. The error
function is shown at the bottom of the figures. The difference be-
tween the model and the experiment is small, giving confidence to
the method. Fig. 8 shows the integral breadths DK predicted by the
model plotted as a function of the product of K times the square of
the contrast factor C1/2. This type of graph is known as modified
Williamson-Hall plot where a linear regression is expected. In this
plots, the y-intercept is proportional to the inverse of the particle
size, while the slope of the curve is proportional to the dislocation
density. The points plotted in Fig. 8 are the breadths of the peaks
presented in Table 2 (already shown as a function of K in Fig. 5) after
subtraction of the broadening effect of twinning. The departure of
the theoretical points from a perfect line is due to the contribution
to line broadening of other effect not included in the model, such as
orientation dependence, misfit/intergranular stresses or composi-
tional variations as discussed earlier. Anyway, these differences do
not affect the final results of the analysis. It is interesting to note
that the contrast factor shifts the abscissa value of the (hkl) peaks in
a way so that the “serrated” shape observed in Fig. 5 converts into
an almost linear dependence in Fig. 8. As a general trend, the slope
increases with the total H content of the sample indicating that the
dislocation density in the hydride phase increases with the global H
content.

4.1. Dislocation densities results

Table 3 presents the most relevant microstructural parameters
obtained for both phases after fitting with the CMWP software. For
hydrides, the total dislocation density, the twin fault probability b,
the effective particle size due to twinning dTwin, the crystallite size
<x>area and the value of q, corresponding to the contrast factor, are
presented in the Table. For aZr, only the total dislocation density
and the average crystallite size <x>area are included as the last two
columns of the Table.

Particle size is dominated by twinning, and is in the range of
4e30 nm. Parameter q takes values in a narrow range 2.5e2.9. For
cubic crystals the average contrast factor changes with (hkl)
following C ¼ Ch00ð1� q:H2Þ, where Ch00 is the average contrast
factors for (h00) reflections and
H2 ¼ ðh2k2 þ h2l2 þ k2l2Þ=ðh2 þ k2 þ l2Þ2 [39]. Both Ch00 and q
depend on the elastic constant of the material and also on the
dislocation type (screw or edge). In real materials, the effective
contrast factor will be given by the weighted average of Cscrew and
Cedge considering the fraction of screw and edge dislocation. From
the (hkl) dependence of C, expressed in the previous equation, a
value of q close to 3 means a high strain anisotropy of line broad-
ening, and is actually needed to explain the variations of the peak
width from peak to peak seen in Fig. 5. In particular, when q ¼ 2.8,
the contrast factor C111 (H2

hhh¼1/3) becomes ~30 times lower than
the contrast factor C200 (H2

h00 ¼ 0). This is in good correspondence to
the observation that (111) and (222) hydride peaks are as narrow as
aZr phase, while (200) and (400) peaks are much broader. The lack
of data about the elastic stiffness tensor of d-hydridemakes difficult
to assess the accuracy of the value of q obtained from this analysis.

The dislocation density obtained for the hydride phase results



Fig. 7. Comparison between experimental diffractograms (points) and CMWP simu-
lations (blue line) for two position along Line X (in log scale). The difference between
the curves is plotted at the bottom of the figures in linear scale. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version
of this article.)

Fig. 8. Modified Williamson-Hall plot for three positions along the blister sample. The
y-axis shows integral breadth after subtraction of the contribution due to planar de-
fects (twinning, stacking faults, etc.). In this type of plot, points are aligned following a
linear dependence being the slope of the line proportional to the dislocation density
and the value at y ¼ 0 proportional to the inverse of the particle size.
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one order of magnitude higher than that for aZr, and depends
mainly on the total H content of the material and on the irradiation
condition. For low H content its value is ~5.1015 m�2, and increases
up to ~3.1016 m�2 for massive hydrides, as found at the center of the
blister. The dislocation density in the aZr matrix is low for the
recrystallized non-irradiated Zircaloy-4 sheet (~1013 m�2) and for
the pressure tube far away from the blister center. As for the hy-
dride phase, the dislocation density of the matrix also increases
while introducing into the blister. At the center, values of 3.1015 m�2

are found, which are typical of deformed metals. In the highly
irradiated material, the dislocation densities in both phases are
similar to those found at the blister center. For the hydride, they are
estimated to be around 1.1016 m�2, while for aZr they are approx-
imately 5.1014 m�2. Irradiation up to fluences of 1022 n/cm2 pro-
duces important damage, giving rise to a marked increase of
dislocation loops in both hydride and aZr. Annealing after irradia-
tion produces important recovery of the dislocation structure of the
matrix, especially at high annealing temperatures. After 600 �C
treatment the dislocation density in the matrix ends almost iden-
tical to that of the non-irradiated material, while for 400 �C, partial
recovery of dislocation is observed. Hydrides formed in the partially
recovered material (400 �C) show higher breadths than those
observed for the fully recovered material (600 �C), copying the
trend followed by the matrix.

Fig. 9 shows the dependence of the dislocation density in both
phases as a function of the distance to the blister center along line
X. H concentration curve is superimposed as black squares. Dislo-
cation density takes maximum values at the blister center, where
hydride concentration is maximum too, and decreases as hydride
concentration reduces. Moreover, there seems to be a one to one
dependence between dislocation density in the hydride and H
concentration. The fraction of aZr that remains untransformed in
the blister also shows a rise in the dislocation density at the center
but this increase only manifests for values of H above 12000 ppm.
Actually, we consider that the difference in the behavior of hydride
and matrix with H content might be a consequence of the way
deformation distributes spatially in both phases. During hydride
formation, dislocations are formed in the aZr matrix preferentially
in the vicinity of new hydride, while the material far away remains
unaltered. X-ray diffraction signal has contribution from these two
regions, so its sensitivity to detect sharply localized deformation is
poor. At the blister center, the remnant aZr region is reduced in size,
and the technique becomes more sensitive to this localized defor-
mation, producing observable changes in the peak widths. In the
case of hydrides, due to its small size, deformationwould be spread
all over its extension, and so X-Ray peak width would be strongly
affected by this deformation.

From Table 3 it is clear that for low H content, the dislocation
density in the hydride starts at a value around 2.1015e5.1015 m�2,
indicating that even for low H content a high dislocation density is
observed in the hydride, probably related to the high volume strain
misfit between hydride and matrix.

5. Discussion

5.1. Effects of irradiation and subsequent annealing on dislocation
density

In the irradiated sample, the dislocation density of both hydride
andmatrix result much higher than in non-irradiated samples with
similar H content. This is an expected result considering the effect
of irradiation damage producing dislocation loops during rear-
rangement of defects. In the particular case under study, irradiation
occurs at the in-service temperature of approximately 275 �C. The
total content of H(D) picked up by the cooling channel while in



Table 3
Main microstructural variables of hydride and a phases obtained from the experimental diffractograms after fitting with CMWP.

H Content (ppm) d-ZrH a-Zr

r (1/m2) (1014) b (%) dTwin [nm] <x>area [nm] q r (1/m2) (1014) <x>area [nm]

Line x distance to blister center (mm) 2.4 3200 ± 300 94 1.8 15 68 2.9 0.8 74
2.05 5400 ± 408 86 0.85 32 75 2.9 1.3 93
1.5 9100 ± 450 150 1.8 15 135 2.5 1.6 49
0.6 14100 ± 350 330 0.95 29 210 2.51 11 33
0 14500 ± 600 280 1.5 18 93 2.45 32 23
�0.9 13200 ± 360 216 1.5 18 134 2.53 34 52
�2.4 7300 ± 350 170 2.1 13 93 2.5 5.9 65

Line y distance to blister center (mm) 0 14500 ± 600 387 2.1 13 38 2.6 16.1 31
0.3 ~450 184 2.5 11 98 2.7 1.3 78
0.6 ~250 25 b b 12 2.5 1.1 173
0.9 ~200 24 b b 8.1 2.5 1.4 296

Zry-H260 260 54 2.5 11 275 2.9 0.14 >2000
Zry-IR 140a 132 9 4 180 2.5 51 115
Zry-IR-600-24 h 45 1.8 15 680 2.9 0.05 >2000
Zry-IR-400-72 h 75 0.75 37 220 2.9 1.4 >2000

a Deuterium.
b Could not be estimated.

Fig. 9. Dislocation densities of d hydrde (blue points) and aZr (red points) along Line X
in the blister sample. H content is superimposed as black points for comparison.
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service was 140 ppm. According to the solubility curves of H in Zr
[40], at that temperature 50 ppm of the total H content is in solid
solution, while the remnant 90 ppm is forming hydrides. This
means that 65% of the hydrides were irradiated in service, while the
other 35% are hydrides formed during cooling at the reactor shut
downs. During recovery annealing after irradiation, the situation
changes slightly since for this H(D) content, hydrides are
completely dissolved at temperatures over 360 �C. This means that
the dislocation density obtained for these irradiated þ annealed
samples corresponds to non-irradiated hydrides formed in a matrix
partially recovered after irradiation. In other words, the lower
dislocation densities in the hydrides found in the
irradiated þ annealed samples compared to the irradiated one is a
manifestation of the effect of the formation of hydrides in matrices
with different hardness.
5.2. Effects of H content on dislocation density

Fig. 9 shows that there is an increasing dependence of the hy-
dride dislocation density with H content in the blister. Moreover,
for low H contents, (Zry-H260 sample and far from the blister
center along line Y) a dislocation density of 2.1015e5.1015 m�2 was
determined, which is comparable to values observed in deformed
metals. Considering that there is a 17% volume misfit between
hydride and aZr, we associate this high density of dislocations at
low H contents to plastic deformation during hydride formation
and growth.

In principle, the way plastic straining distributes between hy-
dride and matrix depends on matrix hardness, as shown by Puls
[41]. In a hard matrix, deformation transfers mainly to the hydride
since matrix can withstand higher stresses before straining. On the
contrary, a soft matrix accumulates higher strain reducing the
deformation in the hydride. In this context, it is reasonable that
higher H content implies a harder matrix. Two factors are
contributing to matrix hardening as H content increases, a) strain
hardening by the presence of dislocations produced by already
formed precipitates (as seen in red in Fig. 9) and b) precipitate
hardening by the presence of other small hydrides that act as
barrier for dislocation movement. In this way, during the formation
of the blister, newhydrides are formed (or old hydrides growth) in a
matrix that is being continuously hardened by the same hydride
precipitation/growth process. At the blister center, the matrix is so
hard that hydrides form with a highly disordered structure. This
may be the reason of the generation of cracks in this region. The
degree of stresses and deformation that develops at the blister
center is so intense that the material cannot withstand its integrity.

Moreover, we can interpret the effect of annealing post irradi-
ation in a similar manner. The material annealed at 400 �C presents
a partially recovered matrix (dislocation density of 1.4 1015 m�2),
and therefore hydrides formed during cooling in this hard matrix
end with a highly disordered structure. On the contrary, annealing
at 600 �C seems to be enough to fully recover the damage produced
by irradiation. Hence, hydrides formed in fully recovered and non-
irradiated matrices should have similar internal structure, as
observed from the experimental integral breadths of Table 2 or
from the estimation of de dislocation densities of Table 3.

5.3. Interpretation of the q value obtained for hydrides

The inclusion of anisotropic broadening by dislocations is
necessary to obtain good fitting of the experimental points. The
huge variation of breadth of the peaks seen experimentally in Fig. 5
is followed by the model assuming high contrast factors, which are
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obtained with values of q close to 3. As mentioned before q~2.8
implies a ~ 30 times reduction of broadening effect of dislocation on
(111) and (222) peaks compared to (200) peak. For cubic crystals,
Ungar et al. showed that q depends on the elastic constant of the
material and dislocation type. In particular, for f.c.c. crystals pa-
rameters Ch00 and q defining the dependence of the average
contrast factor with the Miller indices are given by Ref. [39]:

Ch00 ¼ a
�
1� exp

�
�Ai
b

�
þ c$Ai þ d

�
(1)

q ¼ a
�
1� exp

�
�Ai
b

��
þ c$Ai þ d (2)

where Ai is the crystal elastic anisotropy 2c44/(c11�c12), with cij the
components of the stiffness tensor. Equation (2) is valid as long as q
keeps below 3, since the average contrast factor could not take
negative values. The values of a to d depend on the dislocation type,
and for edge dislocations they also depend on the c12/c44 ratio. In
practice, the fraction of screw to edge dislocations (fscrew and fedge) is
obtained from the experimental qexp by solving
qexp ¼ fscrewqscrew þ fedgeqedge with fedge þ fscrew ¼ 1. In order to have
solution to this system it is necessary that qexp lie in between the
theoretical qedge and qscrew curves. In the case of the hydride phase,
the elastic constants are unknown; so it is not possible to compare
q ~2.5�2.9 to estimations of qedge and qscrew. However, we can
mention that this value of q is slightly higher than those reported in
literature for other cubic material with high anisotropy (Cu 2.0, for
Ni 2.35 and for Rb3C60 2.47). In Fig. 10 we plot theoretical values of
qedge and qscrew, calculated using Eq. (2), as a function of the elastic
anisotropy for a f.c.c crystal with different c12/c44 ratio. Values of
qedge are always lower than qscrew. In the figure the optimum value
of q obtained with CMWP is superimposed as a horizontal grey bar.
As mentioned above, solutions to the system of equations exist only
when qedge < qexp < qscrew, whichmeans that Ai > 4 for hydrides. This
elastic anisotropy is in the range of values found in most materials
(0.5e8) [42] and is also in the range of values estimated for d-hy-
dride from ab-initio calculations Ai~2.35 [43] and Ai~ 6.9 [44].
Despite the actual value of Ai for d-hydrides, which is still unknown,
it is clear that the elastic response of this phase is highly anisotropic
and reflects through the marked line broadening strain anisotropy.
0 2 4 6 8 10 12 14
0.0

0.5

1.0

1.5

2.0

2.5

3.0

c12/c44=1

c12/c44=0.5

q

2c44/(c11-c12)

screw

c12/c44=1

Experimental values

edge

Fig. 10. Dependence of parameter q with elastic anisotropy for cubic crystals and
dislocation type according to Ref. [38]. The experimental values obtained for d hydride
of Table 2 are presented as a grey bar.
The particular arrangement of H atoms occupying 6 of the 8
tetrahedral sites of the f.c.c. Zr lattice, presumably filling alternate
(111) planes, would be responsible of this behavior.

6. Conclusions

We presented a detail characterization of the peak shape of the
d�hydride diffraction peaks grown in different zirconium alloys
and subjected to different environmental conditions. We analyzed
the dependence of the integral breadths with the momentum
vector K modulus and direction.

A quantitative study of the line shape was done by using the
CMWP package. We have found that most of this broadening is the
result of dislocations. Particle size is controlled by planar defects,
like twinning or faults, giving an effective crystallite size of the
order of 10e30 nm. Results show that dislocations densities in the
d-hydrides are large (5e20 � 1015 m�2), much higher than the
values observed for the matrix (~1014 m�2), and vary among the
different specimens. Dislocations densities in the hydride are pro-
portional to the fraction of hydrides already formed in the matrix
and also increase with the degree of irradiation. These variations
were interpreted as the effect of matrix hardness in the precipitate
structure and how this affects the distribution of the misfit strain
tensor between precipitate and matrix.

The huge strain anisotropy observed for the d-hydride peaks
width is a manifestation of the mechanical elastic anisotropy of this
phase, being very soft and ductile for directions on the close packed
planes, in agreement with ab-initio simulations presented in the
literature.
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