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Abstract

Mechanical properties of metal hydrides are difficult to measure because of the difficulties in making flaw-free
macro-size specimens. Nano-indentation and micro-indentation techniques were used in this report to study mechanical
properties of zirconium hydrides (ZrH, g;). Hardness, apparent Young’s modulus, yield stress and fracture toughness of
zirconium hydrides were measured and compared to the values for a zirconium sample.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Hydride embrittlement in zirconium and its alloys is
a concern in unclear power industry. Since these alloys
are working under hot water environment, hydrogen can
penetrate into these alloys through corrosion process.
When hydrogen concentration reaches solubility limit,
hydrides will form and can cause mechanical failure
under certain circumstances. Three types of hydrides, vy,
4 and &, can form in zirconium-hydrogen system. It is
critical to know the mechanical properties of zirconium
hydrides. Early studies were made using conventional
mechanical testing methods. Tensile tests on pure zir-
conium hydrides [1] indicated zero ductility at temper-
atures up to 600 °C. Barraclough and Beevers [2,3] also
reported zero ductility in tensile tests on pure hydrides
up to 500 °C with a maximum fracture stress of about
70 MPa, but 3, (y + d) and e-hydrides were deformable
in compression above 100 °C with a maximum fracture

*Corresponding author. Tel.: +852-2766-7821; fax: +852-
2365-4703.
E-mail address: mmsqshi@polyu.edu.hk (S.-Q. Shi).

stress of 225 MPa. Micro-hardness tests [4] on solid
hydride layers also indicated similar behavior. Delayed
hydride cracking (DHC) tests [5-7] showed that brittle
fracture of hydrides at crack tip occurred at tempera-
tures at least as high as 300 °C. Fracture toughness tests
by Simpson and Cann on pure hydride [8] revealed low
fracture toughness of 0.5-5 MPam!/? for 8-hydrides in
temperatures up to 400 °C. However, it is known that
large pieces of zirconium hydrides may contain defects
such as voids and micro-cracks due to a large volume
expansion during hydride formation (e.g., volume of
d-hydride phase is about 17% larger than the original
zirconium matrix). Therefore it is questionable whether
or not the mechanical strength measured using macro-
size pure hydrides is reliable. Acoustic emission tech-
nique was applied recently on zirconium specimens
containing 100 ppm by weight of hydrogen [9]. It was
assumed that the hydride formed inside zirconium ma-
trix has less crack-like defects. Results from this test
showed that the fracture strength of hydrides in zirco-
nium matrix was about 650 MPa up to 140 °C and has a
weak dependence on temperature. On the other hand,
the yield strength of zirconium matrix decreases quickly
as temperature increases, resulting in flow of hydride
particles with the deforming zirconium at higher
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temperatures [9]. A recent study [10,11] showed
unusually high values of Young’s modulus by mea-
suring sound velocities in hydrides and high values of
Vickers hardness in the composition range of ZrH;s—
ZrH, ;. These values are much higher than those values
for a zirconium metal. A micro-hardness study re-
vealed significant reductions of these properties and
yield strength of hydrides at higher hydrogen contents
[12].

In recent years, theoretical modeling of hydride
embrittlement in zirconium alloys has made significant
progresses [13-20]. Most of the modeling works were
based on Eshalby’s inclusion theory [21], in which, a
hydride was treated as an inclusion having elastic misfit
strains with the matrix. However, because of the lack of
experimental data on mechanical properties of the hy-
drides, all theories so far have assumed that the hy-
drides have the same elastic properties as for zirconium.
In this article, we report the experimental investigation
using modern nano-indentation technology on a solid
hydride (ZrH, g3) and a zirconium metal, to measure the
elastic modulus, yield stress and hardness of the hy-
drides. The advantage of nano-indentation technique is
to measure mechanical properties of hydrides in small
scale in order to avoid the defected zones in a macro-
size specimen. We also applied micro-hardness tech-
nique to measure the fracture toughness of zirconium
hydrides.

2. Experimental procedures
2.1. Specimen preparation

A reactor grade zirconium plate was used in this
work. Hydriding was carried out gaseously in a glass
system with purified hydrogen gas. The hydriding pro-
cedure strictly followed the pressure-composition iso-
therms [22] for Zr-H system. The final composition of
the hydride specimen is determined as ZrH, g3. One pure
hydride sample and one Zr sample, both having a size
of 2x2x4 mm, were then polished and etched. X-ray
diffraction shows that the majority phase in hydride
specimen is e-hydrides with an average grain size over
100 pm.

2.2. Nano-indentation test

The experiment is performed by Hystron’s Tribo-
Indenter™ using a 60° conical diamond indenter with a
less than 1 um tip radius for testing the hardness, elastic
modulus, and yield stress of pure hydride and Zr sam-
ples.

To measure the hardness and reduced modulus of
pure hydride and Zr, a peak load of 1000 uN is applied
to the samples with the same loading and unloading

o o
ST

Fig. 1. Optical microscopy of pure hydride (ZrH, g3) 150x.

rates of 100 uN/s. The diameter of plastic zone around
an indentation mark is generally less than 5 um, which is
much less than the average grain size. Therefore, when
indentation is performed at different grains, the result
may be different because of the anisotropy of the grains.
In addition, there are some voids (Fig. 1) in the pure
hydride sample, particularly at grain boundaries. When
the indenter indents into a hole or close to it, error can
be introduced. Care should be taken to avoid the
indentations into these voids, or the result should be
disregarded. In this experiment, the indentations were
made on six areas of each sample. In each area the
machine was controlled to indent at 30 different posi-
tions along one straight line with a 20 pm separation
between two consecutive indentations.

To measure the yield stress, an in situ atomic force
microscopy (AFM) equipped with TriboIndenter was
used to scan the sample surface and to search for a
smooth area of at least 10 umx10 pm. Then the
indentation was made in this area at the same loading
rate as in the modulus measurements. The resulting
indentation marks were imaged by the in situ AFM
immediately after unloading. The plastic zone boundary
was taken to be the location where the pileup around the
indentation marks became tangent to the flat surface.
The cross-section analysis was performed on all inden-
tation marks to measure the extent of the plastic zone.
At each indent mark, four cross-sections, each at a 45°
interval, were taken through the center of the mark to
obtain an average plastic zone radius.

2.3. Micro-hardness tests

A micro-hardness tester with the maximum load of
1000 gf is used to indent on the hydride and Zr samples.
The length of the radial cracks ¢ was measured in situ by
the micro-hardness tester to calculate the fracture
toughness of the hydride.
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3. Results and discussion

3.1. Hardness and reduced modulus of pure hydride and
Zr

Fig. 2 is a typical load-displacement curve in nano-
indentation. The reduced modulus and hardness were
measured based on the method of Oliver and Pharr [23],
and shown in Figs. 3 and 4, respectively. Table 1 listed
the average and standard deviation of hardness and re-
duced modulus calculated from the data shown in Figs.
3 and 4.
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Fig. 2. Typical load-displacement curve in nano-indentation:
hy = residual depth; A, = contact depth; /i, = maximum
depth.
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Fig. 3. Reduced modulus of Zr and hydride measured by
conical diamond tip.
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Fig. 4. Hardness of Zr and hydride measured by conical dia-
mond tip.

The relationship between the reduced modulus (E,)
and the Young’s modulus of the specimen is given by:

I 1—-v 1-—4?

ET L o ()

where v and E are Poisson’s ratio and the elastic mod-
ulus of the specimen, respectively; and v, and E; are
Poisson’s ratio and the elastic modulus of the diamond
indenter, respectively. The elastic modulus of the in-
denter (E;) is 1140 GPa, and Poisson’s ratio of the in-
denter (v;) is 0.07. At room temperature, the Poisson’s
ratio of a Zr alloy is about 0.4 [13]. However, Poisson’s
ratio of the pure hydride was not reported in literature.
Therefore we assume that it may take values from 0.1 to
0.4. As a result, the elastic modulus and its standard
deviation for pure hydride and Zr can be calculated
using Eq. (1), see Table 2. It can be seen that the elastic
modulus of hydrides is lower than that for Zr by 12—
25%.

3.2. Yield stress of pure hydride

The yield stress of a material, o,, may be determined
by nano-indentation [24]

T o)
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where P is the indentation load, » is the radius of the
elastic—plastic boundary around the indentation mark.
This model assumes that the mechanical properties of
the material is isotropic, and that there is no strain
hardening at the elastic—plastic boundary.

A typical indentation profile of the pure hydride
sample is shown in Fig. 5, which was measured using an
in situ atomic force microscopy (AFM) in Tribolnden-
ter™. The non-symmetrical shape of the pileup region
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Table 1
Reduced modulus (GPa) and hardness (GPa) of Zr and hydride indented by conical diamond tip
Zr Hydride
Reduced modulus Hardness Reduced modulus Hardness
Average 91.34 4.86 67.66 3.31
Standard deviation 5.29 0.42 6.97 0.47
Table 2
Elastic modulus (GPa) of Zr and hydride indented by conical diamond tip
Zr Hydride
Poisson’s ratio 0.43010) 0.1 0.2 0.3 0.4
Average 80.90 71.19 69.03 65.44 60.40
Standard deviation 5.09 7.80 7.55 7.16 6.61
EV [P
Kic=oal=| |5, 3
T >

Fig. 5. AFM image of a typical nano-indentation mark on
hydrides.

around the indent may be an indication of anisotropy of
the grain. The position of the markers on the profile
(Fig. 6) indicates the size of the plastic zone. By mea-
suring along four different directions at 45° interval
across the indentation mark, an average plastic zone
radius can be obtained. The yield stress can then be
calculated using Eq. (2). By varying the peak load of
indentations, we found that the radius of the plastic zone
size increased slowly and saturated at a load about 5000
uUN. Therefore, in the measurements of yield stress, a
peak load of 7000 uN was used. The average value of
yield stress for the hydride sample is 478 MPa, which is
about 40% below the value for Zr (780 MPa).

3.3. Fracture toughness

Fracture toughness of hydride can be conveniently
measured by Vickers micro-indentation method. The
measurement is based on following approximation [25]:

where Kjc is the fracture toughness, E is the Young’s
modulus of the material, H is the hardness, P is the
applied load, c is the length of the radial cracks, and « is
an empirical constant. This constant is a geometric
function of the indenter type. For Vickers indenter o is
0.016. E and H were obtained from low load nano-
indentation tests and it is assumed that these parameters
are independent of load. According to the nano-inden-
tation results, when the peak load is around 0.7 mN, the
reduced modulus and hardness have reached their stea-
dy-state value. The constant ¢ was the average value
measured by an optical microscope along two directions
of the Vickers indent. Fig. 7 shows a typical indentation
image. The indention peak load was 500 gf. An average
fracture toughness of zirconium hydride was calculated
as 0.74 MPam'/2, which is much smaller than the frac-
ture toughness for Zr alloy (~40 MPam'/?) reported in
literature.

4. Conclusions

Mechanical properties, such as hardness, Young’s
modulus, yield stress and fracture toughness of zirconium
hydride (ZrH, g3), have been measured by nano-indenta-
tion and micro-indentation techniques. Following results
were observed:

e The Young’s modulus of hydrides is smaller than
that of Zr by 12-25%.

e The yield stress of hydrides is lower than that of Zr
by about 40%.

e The fracture toughness of hydrides is about two or-
ders of magnitude smaller than that of Zr.
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Fig. 6. AFM cross-section view of an indentation mark on pure hydride.

Fig. 7. Fracture toughness measurement on zirconium hydride
by micro-indentation technique.
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