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In situ synchrotron X-ray diffraction has been used to determine strain evolution in a minority phase, zir-
conium hydride, embedded in Zircaloy-2 (<100 wt ppm average hydrogen content). The elastic modulus
of the hydride is similar to that of Zircaloy-2. Three regimes are observed: [ - elastic, Il - post-yield load

transfer from Zircaloy-2 to hydride, and III - strain saturation, possibly due to hydride fracture. The inter-
pretation is supported by finite element calculations and scanning electron microscopy of the fracture

surface.
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1. Introduction

Zirconium and its alloys are used in the nuclear industry world
wide because their combination of low neutron capture cross sec-
tion, good mechanical properties, and corrosion resistance make
them uniquely suited for in-reactor applications. Hydrogen uptake
in zirconium components during service is problematic as the sol-
ubility of hydrogen in zirconium is low and brittle hydride phases
can form, degrading the mechanical properties. In Canada Deute-
rium Uranium (CANDU®') pressurized heavy water reactors, degra-
dation of the Zr2.5Nb pressure tubes by a thermally assisted slow
cracking mechanism (delayed hydride cracking - DHC) occurs at
hydrogen concentration less than 100 parts per million by weight
(wt ppm) [1]. In reactors world wide hydrides are a concern for Zir-
caloy fuel sheathing, particularly in high burn-up conditions, when
hydrogen concentrations in the range of 100-1000 wt ppm can pro-
duce brittle failure of the fuel sheathing under mechanical load [2].
Hydride formation also occurs in several other metal hydrogen sys-
tems (titanium, niobium, and vanadium) [3,4], and the embrittle-
ment observed in the titanium hydrogen system is similar to that
observed in zirconium [4].

The investigation of zirconium hydrides presents several chal-
lenges, most specifically isolating a hydride (or hydrides) for
mechanical testing. Typical methods for investigating properties
of the hydrides are preparation of a macroscopic ‘bulk’ hydride
sample [5,6], mechanical tests of hydrided material with hydride
response inferred from acoustic emission [7-11], and growth of a
large hydride in a zirconium matrix for indentation experiments
[6]. These techniques do not provide a complete description of
the mechanical response of hydrides embedded in a zirconium ma-
trix. Rather, different techniques have their strength in studying a
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particular facet of hydride mechanical behavior. Tests on bulk hy-
drides can provide information on both elastic and plastic proper-
ties, but it is difficult to grow a defect free crystal, potentially
introducing experimental artifacts to the data set. Further, the
microstructure of bulk crystals is quite different from hydrides pre-
cipitated in a zirconium matrix [6]. Acoustic emission can be used
directly on hydrided material, finding application in identifying
when hydrides fracture during a mechanical test, but providing
no direct data on the elastic and plastic properties of the hydride
or on the local stress state causing fracture.

One of the major findings from acoustic emission studies has
been that hydride fracture can occur near the onset of tensile load-
ing, typically peaking after some amount of plastic deformation in
the zirconium matrix [9,10]. When loading is bi-axial or tri-axial,
the critical strain required for hydride fracture is reduced [7-11]
compared with uni-axial loading. Experiments on bulk hydride
crystals indicate that the hydride elastic modulus is similar to that
of zirconium, but the fracture behavior of these crystals is difficult
to interpret because the behavior of the brittle hydride is governed
by its defect population [5,6]. Indentation experiments on large hy-
drides grown in zirconium also suggest that the elastic modulus of
the hydride phase is similar to that of zirconium. These measure-
ments tend to be scattered, with the scatter attributed to the pos-
sibility of indenting different crystallographic orientations of the
hydride [6].

Here we use the technique of synchrotron X-ray diffraction to
measure the response of the minority hydride phase in situ, and
interpret the response using composite mechanics.

2. Experimental procedures
Samples were produced from a section of warm-rolled Zircaloy-2

slab with a 20 pm grain size. The texture and mechanical properties
of the plate have been well characterized [12]. A slice measuring
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2.25 x 30 x 60 mm> was machined from the plate and electrolyti-
cally hydrided at room temperature in a solution of sulfuric acid for
24 h (producing maximum hydride layer thickness without spall-
ing) [13]. Following the deposition of the hydride layer, samples
were homogenized at 500 °C for 12 h, yielding a hydrogen concen-
tration in solution of ~90 wt ppm, as measured by differential
scanning calorimetry on a small button punched from the speci-
men. The slice was then cooled to ambient at 1 °C/min producing
a typical furnace cooled hydride microstructure [1], with
2 x 20 x 20 um? hydride ‘cornflakes’ tending to precipitate in the
rolling/transverse plane of the plate. This hydride orientation is
attributed to the strong basal texture along the normal direction
of the plate produced on rolling (Fig. 1) [14].

The thickness dimension of 2.25 mm was selected as a compro-
mise between (a) good X-ray penetration, (b) providing diffraction
signal from a significant number of hydrides and (c) readily obtain-
ing sufficient hydrogen concentration - the thinner the plate the
greater the hydrogen concentration that can be easily achieved.
The hydrided slice was cut into compression and tension samples.
For compression, samples of dimension 4 x 3 x 2.25 mm?> were cut
with the loading axis in all three principle directions (transverse
(TD), rolling (RD), normal (ND)). For tension, only TD and ND orien-
tations could be cut parallel to the loading direction, with a gage of
7 x 1 x 2.5 mm?>.

High-energy X-ray diffraction measurements were conducted at
the 1-ID beamline at the Advanced Photon Source (Argonne Na-
tional Laboratory, IL) [15]. Tensile and compressive loads were ap-
plied to the specimens using a custom built stepper motor driven
load frame [16,17]. The stepper motor position was incrementally
increased during the course of a test and then held. After a 30s
dwell at each position to allow for load relaxation a diffraction
measurement was made [14]. Diffraction measurements were per-
formed with monochromatic 81 keV (41=0.015nm) X-rays in
transmission with a beam size of 200 x 200 pum?.

As the hydride phase is a minority phase in the Zircaloy-2 ma-
trix, the diffraction signal from the hydride was maximized by (1)
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Fig. 1. {0002} Pole figure for the Zircaloy-2 plate showing the strong alignment of
basal poles along the normal direction (ND) to plate rolling, this texture influences
hydride precipitation (Max MRD ~3.75).

detector selection, (2) total exposure time, (3) sample translation,
and (4) detector position. The 40 x 40 cm? GE amorphous silicon
detector used in this study allowed rapid capture and reading of
the Debye-Scherrer diffraction rings. To increase the signal from
the minority hydride phase, ten 1.25 s exposures were taken and
summed together, with the maximum single exposure time set
to just avoid detector saturation of the strongest zirconium peak.
Collecting more exposures than ten did not decrease the uncer-
tainty in fitting to the hydride phase, indicating that a stable peak
to background ratio was reached. Also, a single exposure required
~8 MB memory, making data management a concern. In order to
obtain a suitable sampling of the hydride population during the
course of the test, a sequence of exposures was made while trans-
lating the sample over roughly 1 mm. This effectively increased the
sampling volume by a factor of five, minimizing the potential for
sampling artifacts as a population of hydrides moved in or out of
the beam during loading. Finally, the detector-to-sample distance
was set at 1995 mm, compromising between the number of peaks
that could be measured and the strain resolution in the hydride
phase. This yielded coverage of five zirconium peaks from
{1120} to {1010}

Diffraction patterns were extracted from circumferentially
summed Debye-Scherrer rings [16-18], i.e., diffraction patterns
were obtained at nominal angles around the ring of 0°, 90°, 180°,
and 270°, integrating +10° around the nominal direction. The
equivalent scattering vectors within the sample were then aver-
aged (i.e. 0°/180° and 90°/270°), producing diffraction patterns cor-
responding to scattering vectors parallel to and perpendicular to
the loading direction. An example diffraction pattern is shown in
Fig. 2. Note that there are five strong zirconium peaks, while the in-
set shows the only individually resolvable hydride peak, {111},
neighboring the {1010} zirconium peak. Other hydride peaks
overlap strongly with zirconium peaks, and could not be individu-
ally resolved to allow unambiguous peak fitting. The low intensity
of the hydride phase is principally a result of the low concentration
of hydrogen in the material (~90 wt ppm). Fitting of the {111} hy-
dride peak/{1010} zirconium peak pair, as well as the other zirco-
nium peaks, was accomplished using the single peak fitting routine
within the GSAS software package [19]. A pseudo-Voigt peak shape
was used with the Gaussian width allowed to vary but the Lorentz-
ian component of the width defined from a calibration sample.
Changes in the lattice parameter obtained from the fit were used
to determine strain components &y, and &y,.
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Fig. 2. Diffraction pattern produced after binning Debye-Scherrer rings over 20°.
Inset shows the resolvable hydride {111} and neighboring diffraction peak, as well
as the fit to the diffraction data.
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Fig. 3. Applied stress versus lattice strain evolution for the {111} hydride peak for
samples loaded axially along TD in (a) tension and (b) compression. RD is
perpendicular to applied load in both cases. The strain components both parallel
(TD) to loading and perpendicular to loading (RD) are plotted.

3. Results

The data obtained for the samples with load applied parallel to
the transverse direction (TD) of the plate is plotted in Fig. 3. The
lattice strain evolution for the {111} hydride peak is shown as a
function of applied stress, as measured by load cell during the
experiment. The lattice strain evolution observed was qualitatively
similar for all sample orientations, and will thus be examined in
detail. We note that the lattice strain for the hydride phase shows
three distinct regimes: (Regime I) an initial linear region, (Regime

Table 1

I) a second linear region initiated by an inflection, with a subse-
quent decrease in slope, and (Regime III) a second inflection fol-
lowed by strain saturation. This qualitative division of behavior is
observed in both tension and compression for all sample orienta-
tions. There is a statistical uncertainty of +70 pstrain on each data
point which propagates to an uncertainty of +10% in the elastic
modulus values reported. Elastic moduli values (Regime I) and
the stresses associated with transitions between regimes (Regimes
I/I1 and Regimes II/III) for the different experimental runs are sum-
marized in Table 1.

There are two experimental features of the data that should be
noted. First, the anisotropy in the stress value of the Regime I/II
transition seen in tension and compression for a given sample ori-
entation is too large to be explained by the usual anisotropy in
yield stress observed in Zircaloy-2 [12]. This may be due to the
difficulty of ensuring parallel surfaces of the compression samples
and therefore the values for this transition in compression should
be treated with caution. The Regime II/IIl transition occurs at
approximately the same stress in both tension and compression
and should be largely free of sample geometry artifacts as it oc-
curs after significant plastic deformation. Further the elastic mod-
ulus values measured on unloading after compression should also
be free of this artifact and are reported in Table 1. Second, during
tensile loading peak overlap occurs in the axial data set between
the hydride (ZryH {111}) and zirconium (Zr {1010}) diffraction
peaks, starting at a stress somewhat above the Regime I/II transi-
tion. This overlap was observed for both of the samples measured
in tension and means that the hydride diffraction peak cannot be
observed reliably for high applied stresses. Thus we cannot iden-
tify a Regime II/IIl transition in the direction parallel to the ap-
plied load; however the signature of the Regime II/IIl transition
is observed in the data sets perpendicular to the loading direction
(Fig. 3). Therefore these perpendicular banks are used to estimate
the stress and strains of the Regime II/IIl transition in Table 1 for
tensile samples. This effect is only seen in tension due to the
sense of the strains generated in the hydride (Zr,H {111}) and zir-
conium (Zr {1010}) diffraction peaks relative to their initial d-
spacing.

4. Discussion
4.1. Lattice strain evolution

The three regions observed in the hydride strain evolution ap-
pear consistent with (Regime 1) elastic loading, (Regime II) load
transfer to the hydride phase after yield of the Zircaloy-2 matrix,
and (Regime III) strain saturation in the hydride. In the initial elas-
tic region, a hydride elastic modulus of ~100 GPa is determined

Summary of results from the Zr,H {111} hydride peak for all tension and compression runs

Transition between
Regimes I/II (start of

Orientation parallel/
perpendicular to axial

Regime I
(elastic moduli)

Transition between Strain saturation values

Regimes II/III (start of

. . . Parallel to Perpendicular to

loading load transfer) strain saturation) applied [oad appliediioad
GPa MPa MPa £xx (107) &y (107°)

Tension

TD/RD 100.9 +10.1 2673 7.1 349.1+7.1 6294 + 70 —2585+83

ND/RD 115.1+£11.5 439.5 +8.0 469.9 + 8.0 5218+ 70 —1532 +83

Compression

TD/RD 97.0+9.7 -150+6.8 —324+6.8 —4679 £+ 70 5650 + 83

RD/TD 78.0+7.8 —1422+54 —2225+54 —4349 +70 4549 + 83

ND/RD 95.9+9.6 -313.1+6.7 —444.0£6.7 —5757 £70 4834 + 83

Included are the hydride elastic moduli (Regime I), transition stresses between the three regimes observed, and microstrain values at saturation in the direction parallel (x)

and perpendicular (y) to the applied load.

Note: Numbers in italics indicate estimates from transverse banks, as peak overlap occured in the axial banks under tension (see Section 3).
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(97 £ 13 GPa based on the average of the values given in Table 1).
This is consistent with experiments conducted on bulk hydrides
and indentation experiments [6], and similar to the elastic modu-
lus of zirconium.

4.2. Load transfer to hydride phase

A 2-dimensional plane stress finite element model was con-
structed, which confirmed that the inflection in hydride lattice
strain at the transition between Regimes I/Il could be explained
by load transfer from the zirconium matrix. Dimensions for the hy-
dride precipitate were estimated from optical metallography,
which revealed that the hydrides were approximately 20 pm in
length, with an aspect ratio of 10:1, and had ~5% area fraction
TD/ND and RD/ND planes. Unit cell boundary conditions were set
to model a regular infinite array of such hydrides. It should be noted
that the area fraction estimated from metallography is higher than
the ~1% estimated from hydrogen charging, probably due to the
etching process. This is not expected to significantly influence re-
sults of the model, as there do not appear to be hydride/hydride
stress field interactions. In the absence of these interactions, the hy-
dride aspect ratio should be the dominant effect in load transfer to
the hydride phase (see Section 4.3). Both the hydride and the Zirca-
loy-2 matrix were given an elastic modulus of 100 GPa, while only
the Zircaloy-2 matrix was assumed to plastically deform. Tensile
tests conducted on un-hydrided Zircaloy-2 samples from the same
plate used in this study were used as input stress—strain curves for
the model and to calculate Hill parameters to account for the plastic
anisotropy of the Zircaloy-2 matrix. Results of the calculation for
axial loading along TD are shown in Fig. 4, with good agreement be-
tween the model and data set. The elastic strain from the FE calcu-
lation is compared to the lattice strain for the Zircaloy-2 matrix
using the average of the five Zircaloy-2 peaks [20] and the lattice
strain for the {111} hydride peak. An average strain from five Zirca-
loy-2 peaks was used to minimize the effect of elastic and plastic
anisotropy [20]. Such averaging was not carried out for the hydride
since only one peak was accurately measured, however the strain
should be representative of the average elastic response if the elas-
tic anisotropy of the phase is assumed to be small and no plastic
anisotropy is expected. Both phases show an elastic response until
yielding of the matrix occurs. At this point, the elastic strain in the
Zircaloy-2 matrix stops increasing with increasing applied stress
and load is transferred to the plastically harder hydride phase.
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Fig. 4. Results from the FE calculation compared to the experimental data for both
phases, under applied tension. Sample is loaded along TD, with RD perpendicular to
the applied load.

These details agree well between model and experiment, confirm-
ing the occurrence of load transfer prior to fracture in this material.

4.3. Hydride fracture

There are a number of possible explanations for Regime III, i.e.,
the strain saturation that occurs after the region of load transfer.
Potential sources for saturation of strain in the hydride phase in-
clude (1) hydride fracture, (2) interface failure, (3) plastic deforma-
tion of hydrides, or (4) work hardening around the hydride leading
to load transfer back to the matrix. Interface failure is highly unli-
kely as to date there is no evidence for its occurrence and only hy-
dride fracture has been observed [10]. Work hardening close to the
Zircaloy-2/hydride interface should occur as a result of local-
ized plasticity, but the work hardening rate in this annealed Zirca-
loy-2 plate is relatively low [12] and is unlikely to be high enough
to account for strain saturation. The onset of the saturation is rapid
and we would expect a more gradual transition and less steep final
gradient if matrix hardening was responsible. We note in passing
that this effect could be studied further experimentally by using
zirconium alloys with different work hardening characteristics as
the parent material for the hydride phase.

Orientation relationships for slip for hydrides in zirconium have
not been reported, but bulk zirconium hydride appears to slip on
{111} [5]. Plastic deformation has been reported to occur in hy-
drides in a zirconium matrix at both room and elevated tempera-
ture, but only in a minority of the hydrides present. For slip to
occur hydrides must precipitate within a grain and be favorably
oriented relative to the surrounding zirconium grains and this ori-
entation is not the case for the vast majority of hydrides in zirco-
nium [11,21]. Further, hydride precipitation at grain boundaries
is common and slip has not been observed in these hydrides
[11]. Diffraction strain measurements are the average response of
the grains oriented for diffraction, therefore if the observed satura-
tion is a result of hydride plasticity the majority of the hydrides in
the material would have to plastically deform. This interpretation
is not consistent with the literature [2,5-11,21] hence we expect
the average response of the hydrides in zirconium to be brittle to
failure.

Acoustic emission experiments conducted on hydrided zirco-
nium indicate that hydride fracture occurs throughout the course
of a tensile test, typically peaking between 1% and 4% matrix plas-
tic strain depending on alloy composition and stress state [7-10].
Hence we suggest that the observed Regime III strain saturation
represents a stable regime where the stress in the hydrides cannot
be further increased. This limit would be due to a combination of
limited plastic hardening in the zirconium matrix, but more impor-
tantly, the fracture of the hydride particles to an average size be-
low which they can no longer fracture. The transition from
Regime II to Regime Il behavior occurs at approximately 3% matrix
plastic strain in the current study. This type of behavior has been
reported in conventional composite materials and can be under-
stood through a shear lag model [22,23]. In a shear lag model
description, for hydrides below some critical length (the stress
transfer length (I;)), a peak stress is reached in the center of the hy-
dride wherein the peak stress is a function of hydride length. Above
the stress transfer length, the stress instead plateaus in the center
of the fiber at a value which is independent of the size of the hy-
drides and depends only on elastic properties of the phases. Hence
if the hydride is significantly longer than [, the average stress in the
hydride is relatively insensitive to the length of the fiber. In a dif-
fraction experiment the initial hydride fractures detected with
acoustic emission would not be observed, provided that after frac-
ture the hydrides’ length still significantly exceeded the stress
transfer length. This is because if this condition is met, the average
load transferred to the hydride phase is essentially unchanged by
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Fig. 5. SEM micrographs of the tensile fracture surfaces (a) TD and (b) ND.

fracture, and hence the average hydride strain response as mea-
sured by diffraction is also unchanged. As the hydrides continue
to fracture, the average hydride length will eventually decrease be-
low the critical stress transfer length. At this point, the average
stress born by the hydride phase will decrease with further frac-
ture. Therefore, the strain saturation observed at the Regime II/III
transition likely represents a critical hydride length, the failure
length (If), where the hydrides can no longer be loaded due to
fracture.

It is possible to roughly estimate the stress transfer length and
the failure length for hydrides oriented with their plate normal
perpendicular to the loading direction (loading along TD or RD).
The stress transfer length is estimated as [22]

3t
lt - Fa
where t is the hydride thickness (~2 pm) and n is a dimensionless
constant related to the stress distribution in the hydride. As the
elastic constants of the hydride and matrix appear equal n is
approximated as unity, yielding a stress transfer length of ~6 pm.
This length is significantly less than the initial length of the
hydrides (~20 pum), consistent with the proposed fracture
mechanism.

Assuming the transition to Regime III strain saturation occurs
because the hydrides have fractured to the failure length, at low
volume fractions the failure length for hydrides along the orienta-
tion described above is estimated as [23]

oou(t
f*,Esz

where gy is the axial stress required to fracture the hydride, 7y
is the interfacial friction stress, and t is the thickness of the hy-
dride. Estimating oy from our finite element model results
(~800 MPa) and approximating the Zircaloy-2 interface strength
with a Tresca criterion (ty~ %20,), yields a failure length of
~4.5 pm. Our analysis assumes that the Regime III strain satura-
tion occurs because the hydrides have fractured to lengths at or
below the stress transfer length (with fracture starting during Re-
gime II) and therefore can no longer be loaded to a higher load. The
estimate then represents the expected hydride size post specimen
tensile rupture and correlates well with microscopic studies of
fractured hydrides reported in the literature [9]. This explanation
does require a reasonably wide population of defects to be present
in the hydrides; the distribution of strength-limiting defects in zir-
conium hydride is unknown. It must be noted that the above treat-
ment is not sufficient to directly explain the behavior of hydrides
with plate normal oriented parallel to the loading direction (load-
ing along ND), as the hydrides are ~2 pm thick and not sufficiently
long to sustain a shear lag loading mechanism. Given that a shear
lag loading cannot operate, load transfer to these hydrides must be

less efficient and, qualitatively would be expected to provide a
contribution to the higher transitions Regime I/Il and Regime II/
Il observed for samples loaded along ND relative to those loaded
along RD and TD (Table 1). More complex finite element or Eshelby
type models would be required to capture the details of the load
transfer behavior for hydrides with plate normal parallel to
loading.

To confirm the occurrence of hydride fracture, the fracture sur-
face of the tension specimens (TD and ND axial orientations) were
examined by SEM. In the TD orientation hydride precipitates are
acicular in cross section (~2 x 20 um?), while in the ND orienta-
tion they appear as plates. Fig. 5(a) is a micrograph of the TD ori-
entation and reveals voids in the fracture surface with the
approximate dimensions of the expected hydrides. The ND orienta-
tion in Fig. 5(b) reveals steps in the fracture surface, likely as a re-
sult of the fracture of hydride plates. Linking of hydride plate
initiation sites produces a ‘stepped’ fracture surface. With the
exception of the voids present in the TD orientation and the steps
present in the ND orientation, the fracture surfaces have the duc-
tile character expected for Zircaloy-2. These features (voids and
steps) are the characteristic features of hydride fracture [2,7,8].

The analysis carried out in this work has established the possi-
bility of minority phase stress analysis. While data quality and sig-
nal from the hydride phase could be improved by increasing the
hydrogen concentration, the low concentrations studied in this
experiment (<100 wt ppm) are of technical importance for DHC
[1]. A future study to greater hydrogen concentrations (100-
1000 wt ppm) would be of interest to study the effects of increased
hydride volume fraction, as well as the potential of fitting other hy-
dride peaks in order to investigate potential elastic anisotropy of
the phase. These higher concentrations are of technical importance
for fuel sheathing embrittlement [2].

5. Conclusions

The following conclusions are drawn regarding the strain evolu-
tion in hydrides embedded in a Zircaloy-2 matrix:

e Strain measurements can be made in zirconium hydrides at low
hydrogen concentrations (<100 wt ppm) using synchrotron
X-ray diffraction.

e The moduli of the hydride and Zircaloy-2 matrix are similar,
having a magnitude of ~100 GPa.

e FE calculations show that load transfer to the harder hydride
phase is responsible for the first inflection post Zircaloy-2 yield
(Region I/II transition) observed in the diffraction data for the
hydride phase.

o The strain saturation observed in the hydride could be a result of
hydride fracture. This is supported by microscopy and consistent
with composite load transfer models.
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