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Abstract

The phenomenon of stress-reorientation has been investigated using in situ X-ray diffraction during the thermomechanical
cycling of hydrided Zircaloy-4 tensile specimens. Results have shown that loading along a sample’s transverse direction
(TD) leads to a greater degree of hydride reorientation when compared to rolling direction (RD)-aligned samples. The
elastic lattice micro-strains associated with radially oriented hydrides have been revealed to be greater than those oriented
circumferentially, a consequence of strain accommodation. Evidence of hydride redistribution after cycling, to α-Zr grains
oriented in a more favourable orientation when under an applied stress, has also been observed and its behaviour has
been found to be highly dependent on the loading axis. Finally, thermomechanical loading across multiple cycles has
been shown to reduce the difference in terminal solid solubility of hydrogen during dissolution (TSSD,H) and precipitation
(TSSP,H).

1. Introduction

Zirconium alloys are used extensively in structural ap-
plications in water reactor cores, due to their low neutron
absorption, adequate strength at operating temperatures
and corrosion resistance. At elevated temperatures, during
reactor operation, these components are highly sensitive
to hydrogen absorption as a result of aqueous corrosion.
Whilst at operating temperature, ∼600 K, hydrogen sol-
ubility in α zirconium is around 100 ppmw, on cooling
to ambient temperature the solubility decreases to <20
ppmw[1]. This results in the precipitation of zirconium
hydrides. As the hydrides are, themselves, brittle, their
precipitation results in severe embrittlement of the accom-
modating zirconium metal component. To an extent, this
is controlled by engineering the crystallographic texture
of zirconium fuel cladding so as to promote the formation
of circumferential hydride packets, as the hydrides have
a preferred orientation relationship and habit plane with
the matrix phase. During interim storage, or due to tem-
perature fluctuations in service, stresses can be generated.
This can occur due to fission gas release or fuel swelling
and may lead to stress reorientation of the hydrides on
cooling, Figure 1.

During dry storage, the maximum hoop stresses expe-
rienced by the cladding can reach 150 MPa, with typical
values ranging from 100 to 120 MPa[2]. With the poten-
tial for temperatures to reach 673 K during the transfer
of spent fuel rods from wet to dry storage the likelihood
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of already existing circumferential hydrides dissolving and
re-precipitating parallel to the radial axis of the cladding
is high. This is assuming the hoop tensile stress on the
cladding is larger than a certain threshold stress, reported
to be in the region of 70-100 MPa[3, 4]. As the tempera-
ture decreases from 673 K to ∼473 K over the tens of years
after shutdown, the cladding will mainly be operating in
a regime of low hydride reorientation (<100 MPa, >473
K)[5]. Few factors have been reported to affect the thresh-
old stress, namely alloy strength and residual stresses [6],
whilst a multitude of factors are understood to affect the
degree of radial hydride precipitation once this threshold
has been reached. These include (i) temperature[7, 8], (ii)
applied tensile hoop stress (σH,max)[3, 8, 9], (iii) hydride
concentration (CH,i)[7, 10], (iv) number of applied thermal
cycles[10, 11] and (v) degree of cold-work[12, 13].

The most commonly observed hydride phase in fuel
cladding, and the one considered throughout this study,
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Figure 1: Schematic representation of hydride stress-reorientation
where zirconium hydrides, when cooled under a tensile hoop stress
above a certain threshold, reprecipitate along the radial direction of
the cladding tube.
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is δ-ZrHx, where 1.5 <x< 1.7, although occasional obser-
vations of the γ-ZrHx and ε-ZrHx, where x=1 and x=2
respectively, must be noted. δ-ZrH has an fcc crystal
structure, with a = 4.786 Å, whilst the hcp α zirconium
has lattice parameters of a = 3.2276 Å and c = 5.1516 Å.
The orientation relationship between the δ-hydride and
α-Zr has been found to be δ-ZrH(111)‖α-Zr(0002) and δ-
ZrH[11̄0]‖α-Zr[112̄0][14, 15].

The δ-Zr hydride precipitates as fine micro platelets,
on the order of 50 nm in size, with a nominal {0002}α-Zr

habit plane. These sympathetically nucleate to form self-
accommodating agglomerates termed hydride packets, around
14 ◦ from the basal plane, close to {101̄7}α-Zr. These strain
fields give rise to a hysteresis in the precipitation and dis-
solution temperatures.The precipitation of these hydrides
can be affected by the presence of stress fields, leading to
reorientation of the hydride packets under stress on ther-
mal cycling; the platelet orientation relationship is pre-
served but the packet morphology changes[16].

The majority of studies on hydride stress-reorientation
have been carried out post-mortem using metallography to
determine the change in hydride orientation after the ap-
plication of a thermo-mechanical cycle. The technological
goal has been to establish the interplay of the extent of re-
orientation, the effect of irradiation and cold work, stress
and temperature. Recently, Colas et al [3, 17] have ex-
amined reorientation using synchrotron X-ray diffraction.
It was observed that the hydride peak intensities (texture)
did not change on reorientation, but that some of the peak
widths could be observed to change, as a consequence of
the rearrangement of the strain and defect distributions
around the hydrides on dissolution and re-precipitation.

In the present work, this phenomenon has been fur-
ther explored, examining the effect of loading in differ-
ent texture directions of the α-Zr material, the effect of
multiple cycles and of threshold stresses that relate to
those expected in dry storage, at moderate hydride concen-
trations. The material used was annealed and relatively
coarse grained Zircaloy-4, a lightly-alloyed zirconium al-
loy, acting as a comparator to work on heavily cold worked
thin-walled fuel tube material.

2. Experimental

2.1. Sample Preparation

The Zircaloy-4 tested was obtained from a 10mm hot
rolled sheet supplied by Rolls-Royce plc. Tensile specimens
were designed and fabricated, Figure 2. Rectilinear blanks
were removed from the Zircaloy-4 plate and electrolytically
charged with hydrogen in a dilute sulphuric acid solution
(1% H2SO4) using a current density of ∼2 kAm−2. Immer-
sion of samples in a diluted HF/HNO3 solution (1% HF,
1%HNO3) preceded hydrogen charging in order to remove
any surface oxide, which can impede hydrogen ingress into
the bulk. Diffusion of the hydride layer into the bulk to
form uniformly distributed hydrides was obtained via a
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Figure 2: (a) Sample fabrication process. (1) Blanks removed from
the bulk Zircaloy-4 plate using electro discharge machining (EDM),
(2) Surface hydride layer produced via electrochemical charging, (3)
Application of thermal anneal to diffuse hydrogen into bulk, (4) Uni-
formly distributed hydride precipitates aligned along sample RD and
(5) Final sample, (b) Illustration of the two dogbone orientations
used during data collection (1) RD (2) TD.

thermal treatment whose temperature was governed by the
assumed hydrogen solubility. A slow furnace cool was used
to promote the formation of stable δ zirconium hydrides.
Once hydrided, dogbone-shaped tensile test-pieces were
fabricated and two orientations were tested; (1) rolling di-
rection (RD) parallel to the loading axis and (2) trans-
verse direction (TD) parallel to the loading axis. The
crystallographic texture of the starting Zircaloy-4 mate-
rial aligns the basal poles near to the sample normal di-
rection (ND) (±∼30◦)[18]. Macroscopic hydride ‘stringers’
are readily observed, a result of the tendency for individ-
ual micro-hydride platelets to autocatalytically nucleate to
form what appears to be a larger hydride packet. The hy-
drogen concentration for all samples has been estimated to
be 280 (±30) ppmw, from the hydride layer thickness dur-
ing charging and from the dissolution temperatures found
during the diffraction experiments on heating.

2.2. Metallography

Samples were examined before and after cycling in or-
der to quantify the hydride packet orientations. This was
carried out using backscattered electron imaging (BSE),
exploiting the compositional contrast between the matrix
and hydride phases. Electron imaging of polished sam-
ples is often preferred to the examination of acid etched
material, as etching can give rise to apparent changes in
the size and morphology of the hydrides. This effect has
been demonstrated using secondary electron imaging of
the cross-section of an embedded hydride, Figure 3(a-b).
The trench was milled using a focused ion beam (FIB).
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Figure 3: Secondary electron (SE) images showing the overestima-
tion of hydride size at the sample surface due to chemical etching.
(a) FIB-milled trench showing the hydride cross-section below the
sample surface and (b) higher magnification SE image of an intra-
granular hydride, showing an increase in the apparent width at the
sample surface, (c-e) BSE, binary and binary-outlined images used
to establish hydride orientations before and after loading.

The method used to establish individual hydride packet
orientations is outlined in Figure 3(c-e). The image anal-
ysis software ImageJ was used to convert the BSE images
into binary images using a greyscale threshold limit. In-
dividual hydride packets were then identified, fitted with
an ellipsoid, and their orientation assessed, with 0◦ being
assigned as the direction perpendicular to the loading axis.
This preceded the construction of frequency distributions
of the macroscopic hydride packet orientations.

EBSD was carried out on as-received Zircaloy-4 to de-
termine the crystallographic texture and grain size of the
starting material. Samples were ground using SiC paper
and electropolished using a mixture of 10% perchloric acid
and 90% methanol at a voltage of 30V and temperature of
-30◦C.

2.3. Synchrotron Diffraction and Data Analysis

Synchrotron X-ray diffraction was carried out on hy-
drided Zircaloy-4 test pieces in conjunction with the ap-
plication of a thermomechanical load cycle. A schematic
of the set up is shown in Figure 4. Samples were heated
using infrared heaters under a tensile stress of ∼30 MPa
to 550 ◦C and held for ∼ 10 min in order to ensure full dis-
solution of the hydride precipitates. A larger tensile stress
was applied at the start of cooling, which was carried out
at a rate of 0.2 ◦C s−1. This slow cool ensured heteroge-
neous nucleation of the δ zirconium hydride phase once
the terminal solid solubility temperature for precipitation
(TSSP,H) was reached. The temperature was controlled
using a Eurotherm controller and monitored using K-type
thermocouples. For all samples cooled under an applied
load, 30 MPa was applied during heat-up and hold. This
was not applied at any point across the cycle for the sam-
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Figure 4: (a) Diamond I12 beamline showing the tensile rig set-
up for hydride reorientation experiments and (b) schematic of rig
showing stage rotation axis and generated diffraction rings from a
polycrystalline sample.
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Figure 5: (a) An example of a generated diffraction pattern showing
a full set of Debye Scherrer rings, (b) an ’unwrapped’ diffraction plot
and (c) the corresponding diffraction pattern, obtained from a TD
sample after a full 360◦ ring integration.

ples cooled under no load. Full Debye-Scherrer diffraction
rings were collected continuously using a monochromatic
X-ray beam of energy 80 keV (λ=0.15487 Å) on a large
(2880× 2881 pixel) Pixium 2D area detector at a sample-
to-detector distance of ∼1600 mm. To allow for improved
grain sampling, the stage was incrementally rotated in 0.5◦

steps, with a full rotation equating to ±5◦. A diffraction
pattern was recorded at each step.

During data analysis, the collection of 2D images ob-
tained from each rotation series were averaged in order
to form a single diffraction pattern. Using Fit2D, the
full diffraction rings were integrated across a single an-
gular range (±10◦) around the direction corresponding to
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the loading axis. Diffraction signals termed ‘TD’ were ob-
tained from the crystallographic planes with normals par-
allel to the transverse direction (±10◦) while those from
the RD were from those planes with their normals parallel
to the rolling direction (±10◦). The wavelength, beam cen-
tre and detector tilt were determined using a ceria (CeO2)
standard at two sample-to-detector distances.

Figure 5 shows an example of the diffraction data pro-
cessing. Figure 5(a) shows a full diffraction ring plot gen-
erated from a TD aligned sample, emphasising the full
360◦ azimuthal integration used to produce the accom-
panying plots. Figure 5(b) shows the diffraction pattern
processed to ‘unwrap’ the diffraction rings, allowing peak
shifts to be visualised. The corresponding conventional
intensity-dhkil diffraction pattern for the complete ring in-
tegration is also shown in Figure 5(c). Individual hydride
reflections were fitted using a Gaussian in IgorPro, along
with an appropriate background and doublet description,
allowing the evolution of their integrated intensity, peak
width (full width half maximum) and peak position to be
followed. These three quantities are independent in the
fitting, and therefore can be interpreted independently of
each other.

3. Results

3.1. Sample Characterisation

The initial Zircaloy-4 microstructure was single α phase,
composed of equiaxed grains with an average grain size of
20µm (established using EBSD, Figure 6). The {0002}α-Zr

pole figure shows two distinct maxima in basal pole den-
sity, close to the sample ND, with the <a> directions along
the RD. The calculated Kearns factors for the starting ma-
terial are presented in Table 1 and are in good agreement
with previous reported values[13, 19, 20]. Figure 6(c-d)
shows the hydride packet habit plane normals were par-
allel to the plate ND (or, equivalently, the trace of the
habit plane in the TD-RD plane), as expected. The hy-
dride dispersion was observed to be uniform throughout
each sample cross-section. Figure 6(c-d) compares the de-
gree of hydride alignment and connectivity when viewed
along the sample RD (c) and TD (d).

3.2. Effect of thermomechanical cycling on hydride orien-
tation

The effect of a single thermomechanical cycle on the
macroscopic orientation of the hydride packets is shown in
Figure 7. In the example presented, the applied load on
cooling was 100 MPa, and a loading direction parallel to
the RD (left) is compared to a loading direction parallel

Table 1: Calculated Kearns parameter for Zircaloy-4 sheet used dur-
ing this study

Direction fND (radial) fRD (axial) fTD (circumf.)

0.56 0.05 0.39

200 µm

{0001} {1120} {1010}

[0001]

[1010]

[2110]

RD

TD

(b)

RD

TD

Exp. densities (mud):
Min = 0.00, Max = 6.07

3

RD

ND

TD

ND

(a)

(c) (d)

100 µm100 µm

Figure 6: (a) EBSD map of the as-received Zircaloy-4, (b) the corre-
sponding pole figures highlighting the expected rolling texture. (Map
size: 675× 860µm, step size: 1.5µm, number of grains: 8082), (c-d)
BSE images showing uniformly dispersed hydride packets, post dif-
fusion annealing, for an RD (a) and TD (b) aligned sample showing
their orientation relative to the sample ND.

to the TD (right). Prior to cycling, both samples showed
preferential hydride alignment, with the majority of the
hydride packet traces at inclinations > 60◦ away from the
ND, i.e. with the packet normals close to the ND. Af-
ter a single cycle, a distinct change from this preference
was observed. A more random orientation distribution
in the samples loaded along RD, and a slight preferential
alignment towards the TD for the TD-loaded sample was
observed.

The effect of varying the stress applied on cooling on
the hydride packet orientation distributions are shown in
Figure 8. For all samples cooled under an applied load,
30 MPa was applied during heat-up and hold. This was
not applied at any point across the cycle for the samples
cooled under no load. Figure 8(a-b) schematically repre-
sents the angular ranges used when characterising hydride
orientations. Appealing to the orientation distributions
that would pertain for typical fuel tube textures, with
{0002}α-Zr parallel to the radial direction, hydride packet
traces at angles near-90◦ to the {0002}α-Zr texture (ND
in the present plate) would lie circumferentially. In the
fuel tube literature [21], angles of 0− 40◦ are then termed
‘radial hydrides’, and 40− 65◦ are termed ‘mixed’.

For RD-aligned samples, as the applied stress increased,
the fraction of hydride packets with their normal along ND
(65-90◦) gradually decreased, whilst a larger effect was ob-
served for loading along TD. The case of no-load thermal
cycling is also shown for reference. For the TD-aligned
sample, the fraction of ‘radial’ hydrides (0-40◦) were found
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Figure 7: Effect of 100 MPa stress during cooling on the hydride
packet orientations observed using BSE microscopy. (left) RD and
(right) TD. (a-d) before testing, (e-h) after thermomechanical cy-
cling. (a-b) and (e-f) show the corresponding fitted packet orienta-
tion distributions.

to increase to as high as ∼ 55% for an applied stress of
100 MPa, while the fraction of ‘mixed’ hydrides (40-65◦)
remained approximately constant. A distinct threshold
was not observed.

3.3. In situ synchrotron diffraction

3.3.1. Single thermomechanical cycle

In situ diffraction experiments were carried out during
the thermomechanical cycling of four hydrided Zircaloy-4
samples charged to a hydrogen level of ∼280 ppmw. Fig-
ure 9(a) shows a full-ring azimuthally integrated diffrac-
tion pattern obtained from an RD-aligned sample, high-
lighting the locations of the {111}δ-ZrH and {220}δ-ZrH

peaks.
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Figure 8: Distribution of hydride orientation, relative to the axis
of loading, after undergoing a single thermomechanical cycle, when
cooled under different applied loads. (a) loading axis ‖ RD, (b)
loading axis ‖ TD.

The evolution of both hydride peaks during a full ther-
momechanical cycle is shown in Figure 9(b-c). The disso-
lution and precipitation of the δ hydride correlates to the
regions of increasing and decreasing peak intensity. The
temperature corresponding to the TSSD,H (red) was as-
signed to the temperature at which the hydride peaks were
no longer visible in the diffraction patterns, whilst TSSP,H

(blue) refers to the temperature at which the hydride phase
was first observed upon re-precipitation into the matrix
on cooling. Table 2 presents the dissolution (TSSD,H) and
precipitation (TSSP,H) temperatures, along with the cor-
responding hydrogen concentrations for all samples. The
observed hysteresis in solubility is a result of varying inter-
nal stresses, and associated plastic deformation, dependent
upon whether hydrides are forming from or dissolving into
the matrix. The TSSD,H and TSSP,H were determined us-
ing the solubility equations in [22] and the average hydro-
gen level quoted was obtained from the dissolution temper-
atures. The estimated uncertainties in the dissolution and
precipitation temperatures were 14 and 8◦C respectively.

Figures 10 and 11 compare the evolution of the {111}δ-ZrH

and {220}δ-ZrH peaks during a single thermomechanical
cycle across an azimuthal angular range ±10◦ to the axis
of loading. The integrated intensity is shown, normalised

Table 2: Dissolution and precipitation temperatures obtained from
synchrotron X-ray diffraction. The implied hydrogen concentration
in the Zircaloy-4 samples is also given, obtained from TSSD and
TSSP and the equations in [22]. In each case, the implied H concen-
tration obtained by electrolytic charging was around 300 ppmw.

Sample TDiss. TPrecip. TSSD TSSP
(◦C) (◦C) (ppmw) (ppmw)

100 MPa TD 460 408 290 315
100 MPa RD 471 420 316 350
0 MPa TD 442 391 250 270
0 MPa RD 452 411 272 323

5



In
te

ns
ity

, l
og

 s
ca

le
(a

.u
)

d-spacing (A)

δ-ZrH{111}δ-ZrH{220}

d-spacing (A)

End of hydride dissolution
Start of hydride precipitation

H
ea

t @
 3

0 
M

Pa
Co

ol
 @

 1
00

 M
Pa

d-spacing (A)

In
te

ns
ity

, l
og

 s
ca

le
(a

.u
)

(a)

(b) (c)

δ-
Zr
H
{1
11

}

δ-
Zr
H
{2
20

}

{1
01

0}

{0
00

2}

{1
01

1}

{1
01

2}

{1
12

0}

Figure 9: (a) Full-ring azimuthally integrated diffraction pattern
from an RD oriented Zircaloy-4 sample charged with ∼250 ppmw
H. (b-c) waterfall plots of δ-ZrH{220}(b) and δ-ZrH{111}(c) showing
their evolution during a single thermomechanical cycle.

against the intensity at the beginning of the thermal cy-
cle for that sample. Both hydride peaks in both the RD
and TD-aligned samples show the expected hysteresis in
peak intensity on dissolution and re-precipitation (where
TSSD,H>TSSP,H[22]) was observed, Figures 10(a-b) and 11(a-
b). In terms of the hydride peak intensity values, no sig-
nificant changes are observed for either the {111}δ-ZrH or
{220}δ-ZrH during either load cycle (0/100 MPa).

Turning to the evolution in {111}δ-ZrH lattice parame-
ters, d{111} in Figure 10, a difference of ∼0.01 Å between
both samples can be noted. This has been attributed to
variation in the sample-to-detector distance between the
experiments (see note below). On initial heating, d{111}
can be seen to increase slightly, associated with constrained
thermal expansion, indicated (i). Further heating, com-
pleting the dissolution process, resulted in a more rapid
change in d{111} (ii). This is suggested to be a conse-
quence of the release of misfit strains between the matrix
and hydride phases. Figure 11 presents the correspond-
ing data for the {220}δ-ZrH peak; rapid changes in its peak
position during dissolution and re-precipitation are not ob-
served, and in some cases a slight reduction in strain as
the hydride approaches full dissolution is seen to occur (d).
In general, this behaviour is consistent for both RD and
TD-aligned samples.

On completion of a single cycle when cooled under
stress, both samples showed a positive change in d{111},
more noticeable in the RD-aligned samples, Figure 10.
This is suggestive of a change in stress distribution in
the hydrides associated with their (partial) reorientation.
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Figure 10: Evolution of the δ-ZrH{111} peak, within ±10◦ of the
loading direction, during thermomechanical cycling with applied
stress on cooling of 0 and 100 MPa. The variation in normalised
integrated intensity, I/I0 (a-b), peak position, d{111} (c-d) and peak
width, FWHM/1.665 (e-f) are shown. (left) RD sample, (right) TD.

Similar behaviour can be observed for the d{220} peak for
both RD and TD-aligned samples, Figure 11(c-d), when
cooled under a load. Samples undergoing a simple heat-
ing/cooling cycle with no application of load showed a
slight reduction in d{220}.

The hydride peak widths plotted in Figure 10(e-f) for
{111}δ-ZrH and Figure 11(e-f) for {220}δ-ZrH, are simply
the full width half maximum divided by 2

√
ln 2 = 1.665.

A steady decrease can be observed during dissolution, cor-
responding to a steady decrease in strain broadening. This
change is gradual across the entire heating portion of the
cycle. During initial re-precipitation into the matrix on
cooling, the change in peak width was more abrupt. In
general, higher peak widths were observed on cooling un-
der load for the {111}δ-ZrH, in particular in the TD-oriented
samples which showed a greater degree of reorientation.
Similar behaviour was observed for the {220}δ-ZrH peak
during heating but there was a reduction in associated
peak broadening during cooling.

Note on Experimental Errors
Typical fractional peak position, intensity and width fit-
ting uncertainties were 1–2×10−4, 0.5×10−3 and 0.5×10−3,
respectively. However, for absolute measurements of lat-
tice parameters, additional sources of uncertainty must
be considered. For lattice parameter, the positioning un-
certainty of the sample in the beam is on the order of
δD = 0.3mm, which relates to an angular uncertainty of
δD/D ' 2 × 10−4, given the sample-to-detector distance
used of D = 1600mm. This then translates directly into
the fractional lattice parameter uncertainty - and so the
initial lattice parameter of a given peak has a substantially
higher (around double) sample-to-sample uncertainty than
the statistical peak fitting uncertainty. Normalisation of
the integrated intensity removes the effect of sample thick-
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Figure 11: Evolution of the δ-ZrH{220} peak, within ±10◦ of the
loading direction, during thermomechanical cycling with applied
stress on cooling of 0 and 100 MPa. The variation in normalised
integrated intensity, I/I0 (a-b), peak position, d{220} (c-d) and peak
width, FWHM/1.665 (e-f) are shown. (left) RD sample, (right) TD.
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Figure 12: Backscattered electron micrographs before (a) and after
(b) four thermomechanical cycles cooled under a 90 MPa tensile load
and before (c) and after (d) a single thermomechanical cycle cooled
under a 100 MPa tensile load. Both loading axes‖RD.

ness variations, but is still vulnerable to texture varia-
tions owing to, for example, slight angular variations in
the alignment of the sample, but this is small for the tex-
tures used.

3.3.2. Multiple thermomechanical cycles

Figure 12 compares BSE micrographs obtained from
two RD-aligned samples before (a,c) and after (b,d) un-
dergoing multiple (a-b) and single (c-d) thermomechani-
cal load cycles. Both samples show similar reorientation
behaviour, with the hydrides’ long axis normal realigning
close to 45◦ to the sample ND.

The evolution of the hydride peaks during repeated cy-
cles is shown in Figure 13. Held at 30 MPa during heating,
an RD sample was slowly cooled from a ten minute hold
at 550◦C under a tensile load of 90 MPa, as previously.
This cycle was repeated four times.

First considering the change in peak intensity across

all cycles, Figure 13(a,d), the hysteresis in hydrogen sol-
ubility between heating and cooling can be observed. Af-
ter the first cycle, the difference between the TSSD,H and
TSSP,H was shown to decrease and remained relatively
constant thereafter. This behaviour was observed for both
the {111}δ-ZrH and {220}δ-ZrH, more visible in the former.

Turning to the peak positions, Figure 13(b,e) for {111}δ-ZrH,
a noticeable increase was first observed at a temperature
of ∼225 ◦C, which continued up to final dissolution. Af-
ter cooling, an increase in final d{111} from the original
value can be observed, comparable to the observations ob-
served during single cycling. Further cycling resulted in a
decrease in ∆d{111} (between heating and cooling), and
remained relatively constant for the later cycles. Such
shifts were not observed to the same extent for d{220},
but as noted previously during single cycling, the lattice
parameters observed on cooling initially rose, rather than
mirroring the on-heating curve.

Figure 13(c,f) tracks the evolution in hydride peak widths.
The {111}δ-ZrH is considered first. On completion of the
first cycle, an increase in δ-ZrH{111} peak width is ob-
served. After the last cycle, a hysteresis is still shown but
to a lesser degree, and a faster increase in peak width on
cooling than the decrease on heating can be seen. For
the {220}δ-ZrH peak, widths could be fitted at a higher
temperature than in the single-cycle sample shown in Fig-
ure 11. Here, across all cycles, a rise in peak width can be
observed at the very end of heating, just before complete
hydride dissolution. The behaviour on cooling is generally
consistent with the {111}δ-ZrH, and single-cycle samples.
In addition, the final width at ambient temperatures, once
the hydride has fully re-precipitated into the matrix, grad-
ually rose over the course of the four cycles, consistent with
{111}δ-ZrH.

3.3.3. Hydride diffraction peak intensity

The azimuthal variation in both {111}δ-ZrH and {0002}α-Zr

diffraction peak intensity has been explored before and af-
ter thermomechanical loading (100 MPa) for samples with
their tensile axes parallel to both RD and TD. Results are
shown in Figure 14. The collected diffraction rings were
analysed in 10◦ azimuthal bins with 0◦ corresponding to
the direction perpendicular to the loading axis. The az-
imuthal variation in {111}δ-ZrH intensity, shown for both
samples in Figure 14(a,c), is a consequence of the α-Zr
texture and the α/δ orientation relationship. It should
be recalled that the dominant {0002}α-Zr texture compo-
nent is found ∼ 20◦ from the ND, towards the TD, and
is therefore not sampled by the diffraction measurement
around the TD-RD ring. The {111}δ-ZrH diffraction peak
observed near-RD therefore corresponds not to the pri-
mary {111}δ-ZrH parallel to {0002}α-Zr that forms the ori-
entation relationship, but another of the {111}δ-ZrH family
of planes. Nevertheless, changes in the {111}δ-ZrH inten-
sity variation around the ring may provide indications as
to the hydride texture evolution.
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Figure 13: Evolution of the δ-ZrH{111} (a-c) and δ-ZrH{220} (d-f) peaks near the loading direction (±10◦), for an RD-loaded sample subjected
to a stress of 90 MPa on cooling, over the course of four thermomechanical cycles. The variation in normalised integrated intensity, I/I0 (a,d),
peak position, d{hkl} (b,e) and peak width, FWHM/1.665 (c,f) are shown.

Considering the TD-aligned sample first, when cooled
under a 100 MPa load, additional peaks in the {111}δ-ZrH

peak intensity could be observed at regions corresponding
to the sample TD. Turning to consider the orientation re-
lationship, the azimuthal variation in {0002}α-Zr peak in-
tensity before and after loading is shown in Figure 14(b).
No change in {0002}α-Zr intensity distribution around the
diffraction ring was observed. Similar plots for a sample
cooled under a 100 MPa tensile stress parallel to the RD
are shown in Figure 14(c,d). Additional peaks in the in-
tensity distribution can, again, be observed, although not
in the same sample orientation as shown previously. Con-
sistent with the TD-aligned behaviour, no change in the
{0002}α-Zr intensity distribution was observed, indicating
no change in α-Zr texture due to loading.

Considering the accompanying BSE micrographs, shown
in Figure 7, both the RD and TD aligned samples showed a
degree of reorientation during re-precipitation when cooled
under a stress of 100 MPa. Originally aligned parallel to
the RD, macroscopic hydride packets observed in the RD
aligned sample were found to realign themselves 50-60◦

to the tensile axis. The corresponding intensity distribu-
tion plots have also indicated some degree of hydride peak
intensity increase at azimuthal angles close to 60◦ from
the loading axis. In contrast, microscopy carried out on
the TD-aligned sample showed reorientation in the hydride
packet normals from the ND by close to 90◦ to the TD.
The corresponding azimuthal variation in {111}δ-ZrH peak
intensity also showed a slight increase at regions close to
the TD, ∼90◦ away from the sample RD. It should be
noted that the BSE microscopy highlights the reorienta-
tion behaviour of the macroscopic hydride packets relative
to the sample ND yet the diffraction data can only con-
sider the microscopic hydride platelet distribution relative
to the RD/TD without being able to take into account

behaviour along the ND. This is due to the samples’ ND
running parallel to the incident diffraction beam for all
samples.

The evolution in the {111}δ-ZrH peak intensity around
the diffraction ring during four full thermomechanical cy-
cles, cooled under a 90 MPa tensile load, has also been
investigated for an RD-aligned sample, Figure 15. Due
to the observed symmetry in diffraction peak behaviour
around both the RD and TD orientations, a reduced az-
imuthal range (0-180◦) is shown. Figure 15 plots the change
in peak intensity distribution for the {111}δ-ZrH (a) and
{0002}α-Zr (b) at the start of cycling and at the end of
each separate cycle. No change in {0002}α-Zr intensity dis-
tribution was observed across the four cycles. An increase
in {111}δ-ZrH peak intensity at selected azimuthal angles
was, however, observed; 30◦ away from TD, corresponding
to 60◦ from the loading axis. This observation is consis-
tent with data from the single cycle sample. Evidence of
increased hydride intensity at alternative azimuthal angles
was first noted at the end of cycle one with incremental
increases observed upon subsequent cycling.

4. Discussion

Effect of Loading Direction
The degree of reorientation behaviour during a thermo-
mechanical cycle differed depending on the axis of load;
parallel to RD or TD. The increased extent of reorienta-
tion in the TD sample has been considered a consequence
of the parent α-Zr texture, where the majority of grains
have their {0002} plane normal slightly tilted towards TD
from the plate ND. This implies that a reorientation in
the packet morphology from the ND towards the TD re-
quires a less radical change in platelet self-accommodation
than a 90◦ reorientation from the TD-ND plane to the RD.
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Evolution in Integrated Intensity
Firstly considering the changes in integrated intensity ob-
served during both single and multiple thermomechanical
cycling, the hysteresis on dissolution and re-precipitation,
in which the temperature of initial hydride precipitation
is notably lower than the point of full dissolution on heat-
ing, is considered to be a consequence of the release and
re-establishment of misfit accommodation strains[23]. The
difference in unit cell volume exhibited by the hydride and
matrix phases means that it is necessary to plastically de-
form the zirconium matrix in order to accommodate a hy-
dride precipitate[23]. Therefore, a significant degree of
undercooling (∆TSS) is required to induce the precipita-
tion of the hydride phase by providing a portion of the
energy needed to deform (elastically and plastically) the
matrix[24].

The application of multiple thermomechanical cycles,
where a tensile stress of 90 MPa was applied on cooling
during four identical cycles, was shown to reduce the ∆TSS
between heating and cooling, with the largest change ob-
served between cycles one and two. This can be considered
in terms of the production of plastic deformation during
the application of an external load on cooling at the end
of each cycle. According to Birnbaum[25], deformation of
the matrix can relieve some of the hydride-matrix misfit
strains, aiding the accommodation of the hydride precipi-
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tates. By subsequently reducing the amount of undercool-
ing needed, the temperature at which hydrides can form on
cooling will therefore be increased. The amount of added
plastic deformation induced during subsequent cycles will
reduce with each one, a result of stable defect (disloca-
tion) arrangements being established, and so the minimal
change in ∆TSS being observed in the later cycles is ex-
pected.

Evolution in Lattice Peak Positions
During hydride dissolution and re-precipitation, a distinct
change in peak position was observed for the {111}δ-ZrH for
both RD and TD-aligned samples but was not observed to
the same extent for the {220}δ-ZrH peak. An initial steady
increase in {111}δ-ZrH peak position, attributed to con-
strained thermal expansion, was succeeded by a significant
jump to a larger dδ-{111}, considered to be a consequence
of the release in hydride-matrix misfit strains. On the con-
trary, as full hydride dissolution is approached, a smaller
increase in dδ-{220} was observed for samples loaded along
the RD and a slight decrease for samples loaded along the
TD. This, along with the associated reduction in strain,
can be rationalised by appealing to the {111}δ-ZrH habit
plane, with its normal parallel to the α-Zr c-axis. A larger
misfit strain along the [0001]α-Zr when compared to the
[112̄0]α-Zr has been determined by both Carpenter[26] and
Barrow[27]. This gives rise to the characteristic lenticu-
lar morphology of the zirconium hydride platelets, with
the precipitates’ short axis parallel to c, minimising the
overall strain energy. As the hydrides dissolve, the release
of this (compressive) strain will be greater normal to the
{111}δ-ZrH plane and hence a greater rise in lattice param-
eter for the {111}δ-ZrH when compared to the {220}δ-ZrH

was observed. At the end of full hydride precipitation
into the matrix, neither dδ-{111} or dδ-{220} returned to
their original position. This can be indicative of perma-
nent (plastic) strain in the hydrides rather than an effect
of the elastic stress from the applied load[17].

Evolution in Peak Width
Considering the observed behaviour between the RD and

TD-aligned samples (where the TD sample showed a greater
degree of hydride reorientation) the key differences in diffrac-
tion data were observed when analysing the {111}δ-ZrH

peak widths. Figure 16 has been produced as a way to
rationalise the observed hydride behaviour. On heating,
it has been considered that all of the hydride platelets
(stacked to appear as macroscopic plates) slowly dissolve
together, gradually reducing in size and releasing the as-
sociated hydride-matrix misfit strains, Figure 16(c). This
will cause a decrease in peak width (a) and increase in
lattice parameter, dδ-{111}(b). The observed changes in

associated strain are quite large; 0.015Å corresponds to a
strain of ∆d/d'0.5% and a stress of ∼0.76 GPa but sim-
ilarly large strains have been seen by both Colas[17] and
Barrow[27]. It should also be recalled that these values

correspond to local strains in the vicinity of nanoscale pre-
cipitates and so stresses in excess of macroscopic yield are
possible. At the point of initial formation in the matrix,
the precipitate will be highly constrained, with no relief of
stress by associated plastic deformation/lattice defects. A
large strain on the hydride platelets will therefore be ap-
plied by the matrix and, once a sufficient hydride volume
fraction is reached allowing them to interact, will be asso-
ciated by a large initial {111}δ-ZrH diffraction peak width.
This is much greater than the value noted just prior to
full dissolution on heating as the hydrides are far less con-
strained due to their reduced size. The strain field sur-
rounding the precipitate can then provide the nucleation
site for adjacent platelets to initiate and grow, in a manner
consistent with an autocatalytic nucleation process where
arrays of crystallographically related product phases are
formed[28]. When a load is applied, a similar situation
obtains, but the packet morphology changes, owing to the
accommodation of the applied stress. As suggested by
Colas et al[29], the suppression of circumferential hydride
precipitation due to an applied stress can enable hydrides
to precipitate in different orientations.

The orientation of the individual hydride platelets is
generally considered to be maintained and hence the in-
tensity of the diffraction peaks, across the 20◦ azimuthal

Temperature (  C) Temperature (  C)

Heating
(TD/RD)

Cooling

Cooling
(TD/RD)

Heating
(TD/RD)

FW
H

M
 (A

)

d-
sp

ac
in

g 
(A

)
Δd{111}

(i)

(ii)

(a) (b)

TD

RD

Gradual hydride 
dissolution

Incremental hydride
precipitation

RT TSSDH
(c) Heating

RTTSSPH
Cooling under NO LOAD

RTTSSPH
Cooling under 100 MPa LOAD

Figure 16: Schematic representation of the observed evolution in (a)
peak width, FWHM and (b) peak position, d{111} during thermome-
chanical cycling, together with the suggested evolution in the packet
morphology (c).

10



range (±10◦ about loading axis) considered, is also (gen-
erally) maintained. The altered packet morphology gives
rise to different accommodation stresses and strains be-
tween the platelets with notably increased strain accumu-
lation observed for the sample aligned along the TD during
cycling. The corresponding increase in peak broadening
for the TD aligned sample (exhibiting a larger degree of
packet reorientation) can be considered in terms of an in-
crease in plastic strain, perhaps due to the build up of
dislocations. A reduction in strain accommodation within
the matrix is associated with hydride precipitation when
in their reoriented morphology when compared to the nat-
urally precipitated packets giving rise to increases in peak
width.

Hydride Behaviour during Multiple Cycles
Considering the overall behaviour across all four cycles
with respect to peak intensity, peak position and peak
width (Figure 13), the majority of changes were observed
between cycles one and two, with the behaviour generally
remaining constant for subsequent cycles. This, as previ-
ously suggested, could be interpreted in a way that sug-
gests the majority of packet reorientation behaviour (mi-
croscopic platelets generally retain their established orien-
tation relationship with the α-Zr) occurs during the the
earlier cycles, with minimal changes observed during the
later ones. The accompanying BSE micrographs from the
RD-aligned sample comparing hydride morphology after a
single thermomechanical cycle, Figure 12, provided further
evidence to suggest that, under the conditions analysed,
the majority of packet realignment occurred during the
early cycles with very little difference observed between
the two.

Change in Azimuthal Hydride Distribution with Thermo-
mechanical Cycling
It has been shown that the application of thermomechani-
cal loads can, to some degree, alter the microscopic hydride
platelet distribution, Figures 14 and 15, evident from an
increase in {111}δ-ZrH diffraction peak intensity at differ-
ent azimuthal angles after loading. Initially considering
the hypothesis that this was due to a change in α-Zr tex-
ture, the azimuthal variation in {0002}α-Zr peak intensity
around 180◦ (owing to the symmetry of the sample) was
assessed and compared to the variation in {111}δ-ZrH peak.
No noticeable difference in the {0002}α-Zr intensity distri-
bution could be seen leading to the assumption that the
starting α-Zr texture was fully retained during loading.

Hydride precipitation is often considered in terms of
their nucleation energy and their tendency to precipitate
at regions with the smallest nucleation barrier. Their first
stage of nucleation into the α-Zr lattice (in this case when
cooled from a temperature above the terminal solid solu-
bility for the concentration of hydrides) is considered cru-
cial when determining their orientation with Ells[30] con-
cluding that the preferential orientation of hydride pack-
ets is most efficient during nucleation rather than through

growth of a stable nuclei. The application of a tensile stress
during hydride re-precipitation from solution may change
the preferential sites for hydride formation by reducing the
energy barrier for nucleation. Work done by Vizcaino[31]
on Zr-2.5%Nb pressure tube material showed that hydride
precipitation preferentially occurs in grains oriented in two
ideal orientations; (i) c-axis parallel to the hoop direction
(mhoop) and (ii) c-axis parallel to an intermediate direction
(mtilted). When thermally cycled under a load, the values
for hydrogen solubility for both orientations changed; hy-
dride dissolution and precipitation temperatures for mtilt

α-Zr grains were ∼5-15◦ higher than mhoop grains and was
accompanied by a redistribution of hydrides in particular
grain orientations. Similar behaviour has been postulated
to occur during this study. The redistribution of hydrides
differed depending on the axis of loading, where TD-loaded
samples showed more drastic reorientation behaviour than
those loaded along the RD. This could suggest that load-
ing along different directions during cooling can reduce the
energy barrier for hydride nucleation for different sets of
oriented α-Zr grains.

5. Conclusions

Diffraction experiments have been performed examin-
ing the reorientation behaviour of zirconium hydride dur-
ing the thermomechanical cycling of Zircaloy-4 plate ma-
terial. The following conclusions can be drawn.

1. Reorientation of the macroscopic hydride packets from
the normal direction, with the {111}δ-ZrH habit plane
parallel to the dominant {0002}α-Zr texture, was ob-
served to be much more significant when loaded along
the transverse direction than the rolling direction.

2. Reorientation when loading along the rolling direc-
tion resulted in a greater proportion of hydride pack-
ets of a mixed morphology, whilst loading along the
transverse direction resulted in the majority being
in a so-called ‘radial’ morphology (hydride packet
traces angled 0-40◦ from the sample ND).

3. Evidence of small changes in hydride crystallographic
texture with reorientation was observed. For the
{111}δ-ZrH peak, regions of elevated intensity ∼50-
60◦ from the tensile axis were observed when loaded
along the sample RD whereas when loaded along the
sample TD, regions of increased intensity were ob-
served ∼90◦ from the tensile axis. Both were cooled
under a load of 100 MPa.

4. A decrease in {111}δ-ZrH peak width and increase in
{111}δ-ZrH lattice parameters were observed during
dissolution. Steeper change in both peak width and
d{111} were observed on cooling, behaviour which has
been attributed to the difference between gradual
dissolution on heating and sympathetic nucleation
on cooling of the individual microscopic platelets that
make up the macroscopically-observed hydride packet
stringers.
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5. The hysteresis in hydride dissolution and
re-precipitation was observed to decrease on repeated
thermal cycling.
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