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a b s t r a c t

The mechanical properties of zirconium hydrides were studied using nano-indentation technique be-
tween 25 and 400 �C. Temperature dependency of reduced elastic modulus and hardness of d- and
ε-zirconium hydrides were obtained by conducting nanoindentation experiments on bulk hydride
samples with independently heating capability of indenter and heating stage. The reduced elastic
modulus of d-zirconium hydride (H/Zr ratio ¼ 1.61) decreased from ~113 GPa at room temperature to
~109 GPa at 400 �C, while its hardness decreased significantly from 4.1 GPa to 2.41 GPa in the same
temperature range. For ε-zirconium hydrides (H/Zr ratio ¼ 1.79), the reduced elastic modulus decreased
from 61 GPa at room temperature to 54 GPa at 300 �C, while its hardness from 3.06 GPa to 2.19 GPa.

Published by Elsevier B.V.
1. Introduction

Zirconium hydrides may embrittle the zirconium-alloy nuclear
fuel cladding during any stage of the nuclear fuel cycle [1,2], which
would compromise the mechanical integrity of nuclear fuel rods at
operation (in-pile) and storage/transportation (out-pile) condi-
tions. During nuclear reactor operation, the zirconium-based alloy
nuclear fuel cladding undergoes water-side corrosion reactions
which cause cladding oxidation and hydrogen release [3]. Some
portion of the released hydrogen is uptaken by the cladding. When
the uptaken hydrogen reaches its solubility limit in zirconium at a
specific temperature, it forms zirconium hydride precipitates, such
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as hydride rim (a dense hydride platelet region) [4], blister (bulk
hydride) [5], circumferential and/or radial hydride platelets [6]. The
presence of these features may worsen the mechanical behavior of
the cladding by crack initiation and loss-of-ductility during in-pile
and out-pile conditions.

During light-water reactor operating conditions, the continu-
ously uptaken hydrogen starts to precipitate when hydrogen con-
tent reaches to solubility limit at elevated temperatures such as
300 �C (i.e., the solubility limit of hydrogen is approximately 100 wt
ppm at 300 �C [7]). Because hydride formation can start at higher
temperature during reactor operation, the determination of tem-
perature dependent mechanical properties of hydrides is essential.

There are three major zirconium hydride ZrHr phases (where r is
the stoichiometry coefficient): (i) FCT g phase (c/a>1) with r¼ 1 (ii)
FCC d phase with r in the range of 1.31e1.7, and (iii) FCT ε phase (c/
a<1) with 1.7 < r < 2 [8], where c and a refer to the dimensions of
the crystal lattice. Amongst them, d-hydride is the most observed
and technologically important phase for nuclear fuel cladding.
Although other phases have also been observed at very high
hydrogen contents in zirconium-alloy claddings [4].

Characteristics of d-hydride precipitation and dissolution can be
formulated by elastic-plastic accommodation energy evolution of a
misfitting precipitate [9] during hydrogen-to-hydride (precip-
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Table 1
Hot vacuum extraction results of samples and predicted stoichiometry ratios.

Sample Hydrogen Content [wt. ppm] Accuracy ± [wt. ppm] Weight [g] r rmax rmin

1 17038 341 0.02543 1.61 1.64 1.58
2 16978 378 0.03745 1.79 1.83 1.75
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itation) or hydride-to-hydrogen (dissolution) phase trans-
formations [10e16]. Because d-hydride platelets have large aniso-
tropic stress-free misfit strains associated by 17.2% volume
difference between d-hydride and a-zirconium crystals [17,18], the
total strain energy of the hydride and matrix is to be reduced by
elastic deformation of coherent hydride andmatrix until reaching a
critical size and then after elastic-plastic deformation of hydride
and matrix [9] Solutions of these problems specify that the total
(elastic and plastic parts) accommodation energy of the matrix-
precipitate system depends on the mechanical properties of the
matrix and the hydrides, especially hydride elastic modulus and
yield stress during phase transformation [11,13].

The mechanical properties of d-hydrides have been studied by
several techniques such as internal friction measurements, tensile
testing, ultrasonic pulse-echo, and hardness including micro- and
nano-indentation [19e22]. Internal friction data highly depends on
the dislocation density of the samples and the effects caused by
dislocation density is to be analyzed to determine the hydride
elastic properties [23]. Pulse-echo technique requires large samples
for accurate measurements with many independent measure-
ments, and also well-defined sample geometries to approximate
the plane-wave solutions [24]. The resolution of micro-hardness is
low to resolve the effects of the microstructural features, such as
cracks and void-like defects as well [25]. Amongst these techniques,
nanoindentation enables reliable and reproducible measurements
at locations where surface cracks and void-like defects are not
present [25]. The purpose of this study is to investigate the tem-
perature dependency of hardness and reduced elastic modulus
(E* ¼ E/(1-n2) of d- and ε-hydrides phases, where E is the elastic
modulus and n is the Poisson's ratio), using nanoindentation
measurements on bulk hydride samples. Bulk hydrides of varying
stoichiometry were prepared by gaseous diffusion at elevated
temperatures and tested for this study. The results from this
investigationwill support the formulation of computational studies
of elastic-plastic accommodation energy evolution of a misfitting
precipitate in a parent phase.
1 For ε hydrides, roughness of the specimen surface prevented EBSD.
2. Method and procedures

2.1. Materials and methods

This study employs bulk specimens that contain more than
89 wt % of d- and/or ε-hydride and less than 11 wt % of a-zirconium
phases. Samples were prepared by gaseous diffusion of hydrogen
into disc-shaped Zircaloy-4 samples with a diameter of 12.7 mm
and nominal compositions of: Zre1.27Sne0.22Fee0.11Cre
0.118Oe0.016Ce0.01Si and [26]. Samples were placed on a quartz
boat and into a stainless-steel vacuum chamber after removal of the
native oxide layer by mechanical polishing. The chamber was
initially evacuated down to 4 mTorr to produce an oxygen-free
environment, followed by several purges using ultra-high purity
argon (99.999%). Subsequently, hydrogenwith a purity of 99.9995%
was introduced into the sealed chamber up to the pre-calculated
pressure at room temperature. The chamber was heated up to
400 �C at a rate of 10 �C/s and from 400 to 800 �C at a rate of 2.5 �C/
min to avoid possible cracking.

Table 1 shows the hydrogen content of samples as determined
by vacuum extraction method by Luvak Inc. (Boylston, MA). Using
hydrogen contents and nominal composition of the alloy, stoichi-
ometry coefficients were estimated as 1.61 for sample 1 and 1.79 for
sample 2.

X-ray diffraction patterns were acquired from the bulk hydride
samples to identify the crystalline phases present. XRD powder
samples of zirconium hydride were prepared on zero-background
silicon single-crystal wafers. A small amount of Si SRM640d pow-
der was added to the samples when collecting XRD patterns for
sample displacement corrections. All XRD patterns were collected
using a 0.30 kW (30 kV and 10 mA) D2 Phaser, Bruker Inc., XRD
instrument equipped with Cu Ka radiation.

Fig. 1 shows powder XRD patterns of bulk samples used in the
study. Bulk hydride sample with r ¼ 1.79 consisted only of ε-hy-
drides (see Fig. 1a); whereas, a-zirconium and d-hydride peaks
were indexed in the bulk hydride sample with nominal stoichi-
ometry of 1.61.

To characterize the microstructure of bulk hydride samples, an
electron back-scattering diffraction (EBSD) analysis (Fig. 2) was
performed for d-hydride bulk samples, while scanning electron
microscopy (SEM) images were obtained for ε-hydride bulk sam-
ple1 (Fig. 3). EBSD was performed using a JEOL JSM 6500F micro-
scope with a field emission gun, equipped with an orientation
imaging microscopy analysis system. The accelerating voltage was
20 kV; theworking distancewas 15mm. The EBSD analysis indexed
red areas in Fig. 1 as a-zirconium and the rest as d-hydride. The
average size of the equaxed d hydride grains was 5 mm. SEM image
of ε-hydrides (Fig. 3) revealed the existence of a band structure,
consistent with previously published results [27]. It was also found
that microcracks were present on the sample surface (white arrows
in Fig. 3). One of two d and ε hydride samples contained macro-
scopic surface cracks. Furthermore, ε-hydride sample contained
microcracks with average length of 1.43 mm (maximum and mini-
mum lengths are 3.63 mm and 0.73 mm, respectively) (see Fig. 3),
while no cracks were observed on the surface of the d-hydride
sample. Noting that, both d and ε bulk samples had polycrystalline
microstructure and indentations were applied to several grains at
the same time.

Fig. 4 depicts the indentation marks on the sample surfaces of
d hydride sample. Similar pattern was also applied to the bulk ε

hydride sample as well. Indentation measurements were obtained
at macroscopic crack-free regions of the ε hydrides. However,
microscopic cracks, as shown in Fig. 3, may not be avoided for ε

hydrides in the indent area because of the large indent mark size
compared to microscopic crack sizes.

Prior to the nanoindentation experiments, samples attached to
the sample holder were ground with SiC papers of increasingly
finer grit size, starting from 500 to 1200 grit size and then were
polished with 0.01 mm alumina paste using VibroMet 2 Vibratory
Polisher (BUEHLER) for 12 h for high quality polished surfaces.
2.2. Room and high temperature nanoindentation experiments

Nanoindentation experiments at ambient and elevated



Fig. 1. X-ray diffraction patterns of bulk hydride samples employed in this study (a) sample with only ε-hydride (r ¼ 1.79) and (b) sample with a mixture of d-hydride and a-
zirconium (r ¼ 1.61).

Fig. 3. SEM picture of sample (r ¼ 1.79) containing ε-hydrides (band structure). White
arrows point to microcracks.
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temperatures were performed using a Micro Materials Ltd. nano-
indenter for bulk hydride specimens with r values of 1.61 and 1.79.
The indenter had a diamond Berkovich tip with tip radius of 12 nm.
The instrument was equipped with a high temperature stage which
enabled to control active heating of the indenter and sample
independently when conducting tests at elevated temperatures.
This capability ensured thermal equilibrium, avoided heat flow
during experiments, and reduced thermal drift [28]. In order to
prevent sample oxidation, the nano-indenter operated in a argon
gas environment. The chamber was purged with a flow rate of 3 L/
min for 24 h while specimens were present before heating. Prior to
high-temperature tests, nanoindentation was performed at
ambient temperature. Also indentation data were collected as a
function of the penetration depth of the indenter at ambient tem-
perature. Each sample and the indenter were independently heated
up to 100, 200, 300, and 400 �C with a heating rate of 3 �C/min for
indentation measurements, respectively. At each measurement
temperature, samples were kept in the indenter approximately for
two hours to achieve thermal equilibration before measurements.

In the study, single load-displacement tests were performed to
determine the elastic moduli of the bulk hydride samples. The
elastic moduli were calculated by applying the Olivier-Pharr for-
mula Eq. (1),
Fig. 2. EBSD map of representative microstructure of the bulk hydride samples with
r ¼ 1.60 and 1.61 containing d-hydrides and a-zirconium; the areas colored in red
correspond to a-zirconium. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. 4. (a) Optical image of indentation (8 by 8 matrix) on a representative sample
surface that contains d-hydrides and a-zirconium. Same indentation pattern was
applied to the ε hydride sample.
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where E* is the effective elastic modulus, b is a dimensionless
parameter that accounts for the deviations in stiffness, and A is the
contact area, and Eq. (2),

1
E�

¼ 1� n2s
Es

þ 1� n2i
Ei

; (2)

where E is the elastic modulus, n is Poisson's ratio, s is the sample,
and i is the indenter.

The dimensionless parameter b, which accounts for deviations
in stiffness, is taken as 1.0342; A is the contact area determined by
areal function determination on well know sample such as Silica to
determine the geometry of the indenter;

The contact depth, hp, is determined by Eq. (3),

hp ¼ hmax e εPmax/S, (3)

where ε is assumed to be 0.73 for a Berkovich indenter (approxi-
mately 150 nm radius of curvature) and S is the contact stiffness,
which is calculated from the initial slope of the unloading load-
displacement curve (Eq. (4)).

S ¼
�

dP
dhp

�
hp;max

(4)

In this manuscript, we report nanoindentation measurement
data in terms of the reduced elastic modulus of d-hydrides:

E* ¼ Ehyd/(1-nhyd2 ) (5)
3. Results and discussion

Nanoindentation measurement were performed on bulk hy-
dride samples at ambient and elevated temperatures to investigate
the temperature dependency of the reduced elastic modulus and
hardness of d-hydrides. Fig. 5 shows the dependence of the reduced
elastic modulus and hardness of hydrides on the penetration depth
at room temperature. As shown in Fig. 5a, for both d and ε hydrides
the magnitude of the reduced modulus decreases as the penetra-
tion depth increases up to 800 nm due to indentation size effect
(ISE). For penetration depths greater than 800 nm, the reduced
modulus is independent of penetration depth. Similar behavior was
also observed for hardness at penetration distances of 400 nm as
shown in Fig. 5b.

The room-temperature values for elastic modulus and hardness
of d- and ε-hydrides are shown in Table 2. The reduced elastic
modulus and hardness of d-hydrides were determined to be higher
than those of ε-hydrides. Table 2 also depicts the change in elastic
modulus for distinct n values. As n increases from 0.2 to 0.37, the
elastic modulus decreases for d- and ε-hydrides.

Fig. 6 shows the temperature-dependent reduced elastic
modulus of bulk hydride samples. The reduced modulus of d-hy-
dride (Fig. 6a) was found to be greater than that of ε-hydride
(Fig. 6b), which is consistent with reported values [19,22]. The
reduced elastic modulus of d-hydrides (r ¼ 1.61) decreased from
2 Uncertainty related to the value of b is much smaller than uncertainty associ-
ated with Poisson's ratio of hydrides.
~113 GPa to ~109 GPa while temperature increased from room
temperature to 400 �C, a 3.5% drop. For ε-hydrides, the elastic
modulus decreased from 61 GPa to 54 GPa (a change of 11.4%) as
temperature increased from room temperature to 300 �C (see
Fig. 6b).

The hardness of d-hydrides, shown in Fig. 7, decreased sub-
stantially, from ~4 GPa to ~2.1 GPa (a 47.5% change), while tem-
perature increased from room temperature to 400 �C. For
ε-hydrides, a similar trend was observed for hardness, which
decreased from 3.06 GPa to 2.19 GPa as temperature increased from
room temperature to 300 �C. The change in the hardness was
calculated as 28% (the change in d-hydride hardness for same
temperature range of ε-hydrides was calculated as 31.7%, which
was similar).

Because of adverse effects of oxidation on the nano-indentation
measurements at elevated temperatures, oxygen profile was
determined as a function of depth by x-ray photoelectron spec-
troscopy (XPS). Fig. 8a shows concentration depth profiles, which
revealed a maximum in oxygen concentration over a depth of
approximately 5 nm. Then the concentration of oxygen was found
to decrease until reaching a constant concentration down to 24 nm,
which was the maximum sputtering depth in these measurements.
Similar results were found for ε-hydrides (see Fig. 8b), for which
oxygen counts immediately started to decrease at 6 nm. Consid-
ering that the depth of penetration in these indentation measure-
ments was greater than 500 nm, these results suggest that the
oxide thickness had a negligible effect on the indentation mea-
surements for both samples.

4. Discussion on d-hydride mechanical behavior

In Figs. 9 and 10, the elastic modulus and hardness results ob-
tained for d-hydrides in this study are compared with published
results of tests carried out at room temperature. An overall ten-
dency is the reduction of elastic modulus and hardness with
increasing stoichiometry. The elastic moduli of hydrides from
nanoindentation results and direct reduced elastic modulus data
were recalculated using a value of 0.37 for Poisson's ratio of hy-
drides [19]. The value for Poisson's ratio was chosen so that a direct
comparison of our results could be made with the hydride blister
data from Ref. [19].

Yamanaka et al. [20] and Terrani et al. [29] have determined the
elastic modulus of d-hydrides in the range of 120e140 GPa using
ultrasonic pulse-echo and nanoindentation of mixed phase hy-
drides, respectively. Other nanoindentation studies by Rico et al.
[19] and Menibus et al. [5] reported that the elastic modulus of d-
hydride is in the range of 90e110 GPa. Results of this study are
similar to those reported from previous nanoindentation studies.
Internal friction of “as-hydrided” samples [21] and confined uni-
axial experiments of hydrided samples determined similar elastic
modulus values as well, as shown in Fig. 9. Meanwhile, micro-
hardness measurements predicted lower values that are close to
the matrix elastic modulus [25]; likely due to the indenter resolu-
tion of micro hardness. Hence, the room temperature elastic
modulus results of d-hydrides in this study are consistent with
results reported in literature, except from Refs. [20,29].

Fig. 10 compares the room temperature hardness values ob-
tained in this study with those reported in the literature, in
particular results obtained with Berkovich indenter to eliminate
variations that may result from the indenter shape. The results in
3 No computational studies were included in the graph. In this study, hydride
blister's stoichiometry coefficient was accepted as 1.63 for studies of Rico et al. and
Menibus et al.



Fig. 5. Dependence of (a) reduced elastic modulus and (b) hardness on penetration depth at ambient conditions.

Table 2
Room temperature results of and hardness.a

Hydride r E/(1-n2) [GPa] H [GPa] E (n ¼ 0.2) E (n z 0.32) [20] E (n ¼ 0.37) [19]

d 1.61 112.92 ± 2.7 4.1 ± 0.2 108.4 101.36 97.46
ε 1.79 61.42 ± 2.79 3.06 ± 0.18 58.97 55.13 53.01

a Yamanaka et al. reported n values for d-hydrides in the range of 0.317- to 0.322 for bulk d-hydride samples. The data were obtained by employing an ultrasound pulse-echo
technique [20]. The ultrasonic data are decoupled to determine appropriate n for d-hydrides to eliminate the uncertainty associated with a mixed microstructure [20] of a-
zirconium and d-hydrides, such as shown in Fig. 1. To our knowledge, the the findings of Yamanaka et al. are the only existing experimental data on hydride n values. Rico et al.
utilized Poisson's ratio of ZIRLO™ (0.37) in their study of d-hydrides [19].
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Fig. 9 for hardness as a function of stoichiometry in the range be-
tween 1.5 and 1.86 are consistent with those reported for similar
bulk hydride samples [22,27,32]; Oono et al., reported hardness
value of ~1.5 GPa at a stoichiometry ratio of 1.97, which are
significantly lower than those reported by others. These low values
of hardness could be related to pre-existing cracks, as shown in
Fig. 3, and/or crack nucleation around the indent, as determined by
Oono et al. [33]. During indentation measurements may abruptly
increase the compliance of the materials and so elastic modulus
and hardness of ε-hydride decreases as well. For hydride blister
results, hardness of d-hydrides are in the range of 2 GPa [19] and
Fig. 6. Temperature dependent reduced elastic modulus of (a) d and (b) ε hydrides. Data poi
standard deviation about the mean values.
6 GPa [5].
Reduction in the hardness with increasing temperature (total

change is 47.5%), as shown in Fig. 7, is expected to be related to a
sharp decrease in yield strength of hydrides in the temperature
range of 25 �C to 400 �C. If we assume hardness is directly pro-
portional to yield stress, then the room temperature yield stress of
d-hydrides decreases to approximately half of its value at 400 �C.
For instance, Rico et al. have determined the yield stress of d-hy-
drides in the range of 600e700 MPa at room temperature by con-
ducting nanoindentation measurements with spherical indent
combined with a Hertz equation solution [34]. Based on the
nts correspond to average values from 64 measurements. Error bars correspond to one



Fig. 7. Temperature dependent hardness of d (r ¼ 1.61) and ε (r ¼ 1.79) hydrides. Data
points correspond to average values from 64 measurements. Error bars correspond to
one standard deviation about the mean values.

Fig. 8. XPS profile of (a) d and (b) ε hydride samples after high-temperature na

Fig. 9. Elastic modulus data of this study and reported in literature.3 All reduced elastic mod
were re-calculated using Poisson's ratio n ¼ 0.37 to compare results. Values of Yamanaka
measurement techniques.
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calculated results of yield stress reported by Rico et al. [34], the
yield stress will decreases down to 300e350 MPa range at 400 �C.
This value is still higher than that of most Zr-based cladding ma-
terials (strong function of alloy type and manufacturing process) at
the same temperature, but substantially lower than the compres-
sive stresses acting on d-hydride precipitate during precipitation as
determined by both calculation [11,16] and in situ x-ray diffraction
experiments [35e37].

High temperature nanoindentation measurements revealed a
weak temperature dependency of the elastic modulus. Fig. 11
compares data obtained from this study with measurements ob-
tained by internal friction [21] and microhardness [30]. A lower
elastic modulus has been determined for d-hydrides by micro-
hardness than by internal friction or nanoindentation. Due to the
indenter resolution of the microhardness test, results are expected
to be close to the elastic modulus of the a-zirconium matrix.
Furthermore, the effect of surface features, such as voids, are likely
to contribute to the results.

On the other hand, internal friction results of “as-hydrided”
samples [21] are similar to temperature dependent nano-
indentationmeasurements in this study. It should be remarked that
Pan and Puls have conducted internal friction experiments on “as-
no-indentation measurements as a function of sputtering time and depth.

ulus data of Rico [19], Puls et al. [30], Xu and Shi [22], Menibus et al. [5], and this study
et al. [20], Pan and Puls [21], Puls, and Lanin [31] are directly determined by their



Fig. 10. Hardness values obtained by nanoindentation from this study and reported in the literature as a function of stoichiometry.

Fig. 11. Temperature dependent elastic modulus in this study and from the literature.
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hydrided” and quenched samples [21]; The quenched samples have
showed lower elastic modulus than the “as-hydrided” samples. It is
likely because internal friction and dynamic modulus are suscep-
tible to (i) nonlinear effect, (ii) the K€oster effect, and (iii) viscosity
effect that are addressed by dislocation theory, as addressed by
Nowick [23]. In addition these effects are all functions of frequency,
strain amplitude, temperature, recovery, and prior deformation of
the specimen, which cause oscillatory response in dynamic
modulus and distinct results of dynamicmodulus depending on the
dislocation microstructure [23]. A detailed discussion of these ef-
fects is beyond the scope of this study; but dynamic modulus is
generally lower than the actual elastic modulus and can show
oscillatory response [23]. By removing such effects as addressed by
Nowick from the internal friction data analysis of the quenched
samples, then it is expected that the oscillatory response of dy-
namic Young's modulus will be avoided. Thus, we only highlight
internal friction results of the “as-hydrided” sample results tomake
a comparison.

5. Conclusions

In order to investigate the effect of temperature on the me-
chanical properties of hydrides, nanoindentation measurements
were applied to d and ε hydride bulk samples with independently
heating capability of indenter and the sample stage. Results showed
consistency with the existing literature values. The reduced elastic
modulus showed a small decrease as a function of temperature up
to 400 �C; a 3.5% drop for d-hydrides and 11.4% drop for ε-hydrides.
Hardness of d-hydride significantly decreased from 4.1 GPa to
2.41 GPa when temperature increased from room temperature to
400 �C. Similarly, hardness of ε-hydride decreased from 3.06 GPa to
2.19 GPa with temperature increase from room temperature to
300 �C.

Reduction in the hardness with increasing temperature is
anticipated to be associated with a sharp decrease in yield strength
of hydrides in the temperature range of 25 �C to 400 �C. It is
therefore concluded that to fully inform thermo-mechanical
models describing Zr-based cladding behavior under in-pile and
storage conditions, accurate yield strength data as a function of
temperature for d-hydrides is necessary for light-water reactor
applications.
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