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Abstract: The structure and elastic properties of a -Zr and its hydrides were investigated by first-principle calculations and
experimental methods. Considering all possible H-atom configurations, different phase models of hydrides were constructed. Results
show that the stable structures of y, d and ¢ hydrides are P4,/mmc, P4,/nnm and I4/mmm, respectively. Calculation results suggest that
& hydride has the lowest formation enthalpy, and the phase transition sequence of y — ¢ — ¢ is proposed. Compared with those of
a-Zr, the c-axis lattice constants of hydrides become smaller, and the expansion volumes of y, ¢ and & unit cell are 12.1%, 14.8% and
17.9%, respectively. The calculated elastic modulus (£) of the three hydrides are lower than that of a-Zr, but their elastic anisotropy is
higher than that of a-Zr. The elastic properties of a-Zr matrix and J hydride were analyzed by nanoindentation experiment and the
results show that £ of the a-Zr matrix and o hydride is 116.88 and 111.01 GPa, respectively. Therefore, the stress concentration is easy
to occur on the hydride sides near the hydrides/matrix interface, so the hydrides are more likely to be the sources of crack and cause

brittle fracture of zirconium alloys.

Key words: hydrides; first-principles; phase stability; mechanical properties

Zirconium (Zr) alloys have excellent properties, such as
low thermal neutron absorption, good corrosion resistance and
mechanical properties, which have been widely used as
cladding tubes for light water reactors and boiling water reac-

tors!' ™!

. During the operation of nuclear reactors, waterside
corrosion of zirconium alloys results in pickup of hydrogen.
There are three precipitation hydrides: y-ZrH, J-ZrH_ (1.5<x<
1.7), and ¢-ZrH, (1.8<x<2.0) in zirconium alloys when the
hydrogen concentration exceeds the solid solubility™”,

hydrides in the matrix will cause brittle fracture in zirconium

and

alloys. There still remain many uncertainties concerning the
atomic structures and relative stabilities of the hydrides, and
the major concern is that hydrides are face-centered tetragonal
(fct) structure with different c/a values (6-ZrH, with c/a=1)
and hydrides are brittle phases®™?. Although hydrides are
generally viewed to be brittle, there are experimental
evidences that plastic behavior occurs in hydrides embedded
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in the zirconium matrix”'?. In addition, the calculation results
show that hydride plasticity is mainly determined by the stress
concentration at the hydride/matrix interface™.

The phase transitions of hydrides are also controversial.
Hydrides can transform each other when hydrogen concen-
tration or heat treatment process change, and the transform
process consists of the martensitic transformation of
zirconium matrix and the diffusion of H atoms"*'". Experi-
ment results show that the phase transition sequence of e-ZrH_
is e 0+e—0—p+d—f—a+p—al'”, while Zhao"® believed
that the sequence is e—d+&—J—a+Jd—a. Drozdov et al'"’
further suggested that the difference is that the f—a decompo-
sition process is too fast to detect by discrete XRD measure-
ments . Numerous theoretical calculations have been adopted
to explore hydrides in zirconium alloys. Zhu et al*” proposed
the path for y—dJ— ¢ phase transition using the first-principle
methods.
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To understand the stability of hydrides in zirconium alloys
and the effect of them on elastic properties of zirconium
alloys, the first-principles calculations were employed to
explore the atomic structures and the relevant energetics of
various possible structures of hydrides. And the formation
enthalpies, mechanical stabilities and elastic properties of
hydrides were also investigated. Meanwhile, the structures
and the elastic properties of the zirconium matrix and o
hydride were analyzed by calculations and experimental
methods.

1 Experiment and Calculation

1.1 Materials and experimental methods

Recrystallized Zr-4 alloy sheet was chosen during the solid-
gas hydrogenation process. The Zr-4 alloy sheet (10 mmx10
mmx5 mm) and TiH, powder (99.9%) were put into a furnace
tube. Hydrogenation of the alloy was performed at 500 °C,
followed by cooling to 430 °C for a dwell time of 30 min and
oven cooling to room temperature (25 °C). The microstructure
of hydrogenation sample was characterized by TEM (Talos
F200S, Czech) and XRD (PANalytical X Pert Powder, Nether-
lands). The TEM characterization sample was firstly ground to
50 um by sandpaper, and then prepared by an electrolytic
double jet in 90vol% ethanol and 10vol% perchloric acid. The
crystallographic structure was confirmed using a field-
emission scanning electron microscope (FESEM, TESCAN
MIRA 3 XMU, Czech), which was equipped with HKL
Channel 5 EBSD system.

Samples for electron backscatter diffraction (EBSD)
analysis were first ground by abrasive papers and then electro-
polished in a mixture consisting of 70vol% methanol, 20vol%
ethylene glycol butyl ether and 10vol% deionized water. And
the elastic properties were measured on an in-situ nanome-
chanical tester (TI-950, America). The Berkovich triangular
pyramid diamond indenter was used in the experiment with a
radius of curvature of 50 nm. The load was 5000 uN, and the
dwell time was 5 s. The loading rate was 200 uN/s, and the
unloading rate was —200 puN/s. The indentation matrix was set
to 10x10, and the indentation interval was 5 pm.

1.2 Density functional theory calculations

The density functional theory (DFT)"" calculations were used
to reveal the system energies and electronic structures with the
Cambridge serial total energy package (CASTEP) ™™ The
exchange correlation functions were treated within the
generalized gradient approximation (GGA) of the Perdew-
Burke-Ernzher (PBE) method™ ™. The interaction between
valence electron and ion core was described by ultrasoft
pseudopotentials. The convergence tolerance of energy and
maximum force was 1.0x107 eV and 0.3 eV/nm for hydrides,
respectively. Meanwhile, the energy and force stopping
criteria for a-Zr were 5.0x107° eV and 0.1 eV/nm. After care-
ful energy convergence tests with different parameters (cutoff
energy and k-point) for systems, a plane wave basis set with
an energy cutoff of 450 eV and a 10x10x10 Monkhorst-Pack
k-point meshes was provided for hydrides. These optimized

structures were obtained when all of these criteria were
satisfied.
1.3 Elastic property calculations

In order to draw a three-dimensional graph of Young’s mo-
dulus E in space, the cosine of three crystal directions in
[100], [010], and [001] were employed to express the £ in any
direction. [, [,, [, are the cosine in a certain direction in space,
and the E in any direction in space is only related to the
direction, which is expressed by elastic compliance constants.
For hexagonal crystal system, it can be simplified as®":

VE =5, =2(s,, =5, ~ s/2) (7] + 122132 + 132[12) (1)

For tetragonal crystal system, it is simplified as™":

VE = (I} + I)sy, + Lisyy + [T (25,5 + 546)

(L= 13) (255 +s0) + 2L5L(F ~ 13)sy

For cubic crystal system, the change of its £ depends on
(/’1+117+171), which is zero in the [100] direction and has
a maximum value in the [111] direction. Therefore, if (s,,~s,,~

@

5,,)<0 (cubic metals except molybdenum are the same), the £
seems to be the largest in the [111] direction and the smallest
in the [100] direction. If (s,—s,~s,,)=0, the E is isotropic. If
(s,,75,,7S,) >0, the £ has a minimum value in the [111]
direction and a maximum value in the [100] direction.

Besides, Ranganathan®™ introduced a universal elastic
anisotropy index 4" applicable to all crystals:
G B
AU — g -V + -V _
R 3)

where B, and G, represent the bulk modulus and shear
modulus within the Voigt approximation, respectively; B, and
G, represent the bulk modulus and shear modulus within the
Reuss approximation, respectively. When A"=0, it suggests
that the crystal is isotropic. The greater the value of 4", the
higher the possibility to induce microcrack in materials®®.

The mechanical stability criterion for hexagonal system is

as follows*:

cy>0,c,> ‘Clz ,(en +2¢py)e5 > 25%3 “4)

The mechanical stability criterion for tetragonal system is
as follows"™:
1 >0,65>0,0>0, s> 0,¢y ¢, >0,

5
(et e =203)>0,2(cy tep) T ey T4c3>0 ®)
The mechanical stability criterion for cubic system is as

follows 2I:

cy>0,c, > ‘C12 (e +2¢,)>0 (6)

2 Results and Discussion

2.1 Geometry optimization

The optimized structures are shown in Fig. 1. And the
calculated lattice parameters of a-Zr and hydrides are com-
pared with the previous experimental and calculations results
(Table 1). The obtained lattice constants of a-Zr and hydrides
are in good agreement with the reported calculated and
experimental values. a-Zr has a hexagonal close-packed (hcp)
structure with ¢/a =1.598. Compared with the previous data,
¢-ZrH, (I4/mmm) has the largest relative error, which is no
more than 0.09% compared with calculations data, and no
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Fig.1

more than 0.50% compared with experimental data. Using the
mechanical stability criteria, y-ZrH (P4,/mmc), J-ZrH, ; (P4,/
nnm), and &-ZrH, (I4/mmm) are the stable structures, and com-
pared with that of a-Zr, the unit cell volume of y, J and ¢ is
expanded by 12.1%, 14.8%, and 17.9%, respectively.
According to the formation enthalpies, the order of hydrides
stability is: e-ZrH,>J-ZrH, >y-ZrH, which suggests a possible
phase transition sequence: y-ZrH —¢-ZrH, ;—e-ZrH,.

2.2 Mechanical property analysis

Table 2 shows bulk modulus B, shear modulus G, Young’s
modulus E, G/B and A" values. Compared with the B, the
compressibility of a-Zr, y-ZrH, 6-ZrH, ,, and e-ZrH, decreases
sequentially, indicating that with the increase in hydrogen
content, the average bond strength of hydride becomes
stronger. The G and E of J phase have the maximum value
among the three hydrides, which are smaller than those of a-
Zr. The G/B value is used as the ductile and brittle criterion of
materials. If G/B>0.57, the material is brittle, otherwise the
material is ductile. The G/B value of hydrides is smaller than
that of a-Zr, suggesting that the toughness of y and ¢ is better
than that of a -Zr. Although it is generally believed that
hydrides are brittle, the experiment suggested that the increase
in hydrogen content can increase the continuity of hydrides,
leading to a ductile-brittle transition'?. Recent experiments

Optimized structures of a-Zr (a), y-ZrH (b), 6-ZrH,  (c), and e-ZrH, (d)

also prove that the uniform distribution of y hydride does not
cause a decrease in the mechanical properties of zirconium
alloys, and the brittleness fracture is not caused by hydride
precipitations at low hydrogen concentration™.

According to Table 2, the elastic anisotropy of hydrides is
stronger than that of a-Zr. When hydrides precipitate in zir-
conium matrix, the volume expansion occurs locally and
different magnitudes of stress occur along various directions,
which is the reason why the hydride phases reduce the
toughness of zirconium alloys.

According to Eq. (1) and Eq.(2), the E of zirconium and
hydrides was calculated, as shown in Fig.2. At the hydride/
matrix interface with the crystal orientation relationships, the
E near the zirconium side is greater than that near the hydrides
side at the interface, suggesting that stress concentration is
more likely to occur on the hydrides side at the interface.

2.3 Density of state

All macroscopic properties of materials, such as hardness,
their
electronic properties and the nature of their chemical bonds.

elasticity, and electrical conductivity, arise from
Therefore, it is necessary to analyze the electronic properties
of a-Zr and hydrides. The data of electronic density of state
(DOS) are calculated based on the lattice parameters of the

most stable structure, so the data is reliable, as shown in Fig.3.

Table 1 Formation enthalpy and lattice parameters of a-Zr and hydrides obtained through the DFT calculations
This work Previous work
Structure AH/eV-atom’ . . ; . AVI%
a/x10" nm ¢/x10" nm a/*10" nm ¢/x10" nm
3.231 517181 -
a-Zr (P6,/mmc) - 3.232 5.166 oh
’ 3.232 5.148'
y-ZrH (P4,/mmc) -0.430 3.235 5.007 3.233 5.016%4° 12.1
y-ZrH (P4,22) -0.388 4.874 4.433 - - 12.7
y-ZrH (P42m) -0.385 4.794 4.608 - - 13.3
y-ZrH (P4/nmm) -0.346 3.257 4.983 - - 13.1
0-ZrH, ;(P4,/mcm) -0.499 4.767 4.793 4.768 479442 16.5
0-ZrH, ;(P4,/nnm) -0.512 5.015 4.267 5.020 4.261749¢ 14.8
5-ZtH, ,(P4m2) -0.496 3.335 4.899 - - 16.6
3.538 4.40629*
e-ZrH, (I4/mmm) -0.573 3.535 4411 - 17.9
3.520 4.450™M
&-ZrH, (14) -0.573 3.535 4.412 18.0

a-calculation results; b-experiment results
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Table 2 Calculated bulk modulus B, shear modulus G, Young’s
modulus E, G/B, and universal elastic anisotropy index
AY of a-Zr, y-ZrH, 6-ZrH, ; and &-ZrH,

Phase B/GPa G/GPa E/GPa G/B AY
o-Zr 94.14 39.23 103.35 0.42 0.60
y-ZrH 114.68 26.86 74.75 0.23 12.38
0-ZrH, 119.23 35.18 96.08 0.30 1.93
&-ZrH, 132.15 32.9 91.13 0.25 1.94

The highest energy level that electrons occupy at 0 K is
called the Fermi level (£;). The DOS at the E, has no band
gap between the valence and conduction bands, which
suggests that hydrides are metallic despite the increased
hydrogen content. The pseudogap below the E, of the
hydrides locate around —3.5 eV, and the energy regions below
the pseudogap have the features of H atoms 1Is orbital and Zr
atoms 4p, 4d orbitals hybridization, which makes an important

contribution to the bonding states of Zr-H and H-H bonds.
However, the contribution of H atoms to the total DOS is far
less than that of Zr atoms. The metallic property of hydrides is
determined by the 4p and 4d orbitals of Zr atoms.

2.4 Microstructure analysis

XRD patterns of zirconium matrix and hydrides are given
in Fig. 4. According to Fig.4a, the initial sample is mainly
comprised of a-Zr with hep structure. The hydrogenated sam-
ple is mainly composed of a-Zr and J phase, as well as a small
amount of y and ¢ phases. Among them, the ¢ phase is cubic,
and the y and ¢ phases are tetragonal.

TEM performed confirm the
microstructure of hydrides. High angle annular dark field
(HAADF) and TEM bright field (BF) images are given in
Fig. 5a and 5b, respectively. The hydrides at the grain
boundary are in marked contrast to the «-Zr matrix, which is
attributed to different polishing rates for different phase of
electrolytic double spray solution in double electrolytic jet.

observation was to
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Fig.3 Electronic density of states of a-Zr (a), y-ZrH (b), J-ZrH, 5 (c), and e-ZrH, (d)
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Fig.4 XRD patterns of zirconium and hydrides (a) and its local amplification (b, c)
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Fig. 5¢ shows the selected area electron diffraction (SAED)
pattern of zirconium matrix with hcp structure, which
illustrates the lattice constants of ¢ =0.332 nm and ¢ =0.551
nm. The lattice constants of zirconium matrix are slightly
larger than those of pure Zr, which may be due to the solid
solution of other atoms in zirconium matrix lattice. Fig. 5d
shows the SAED pattern from [011] zone axis of the phase at
the grain boundary. It suggests that the phase at the grain
boundary is ¢ hydride with ¢=0.478 nm and ¢=0.480 nm,
which is consistent with other experimental results”. And
hydrides are distributed at the Zr grain boundaries. Because o
hydride has a certain range of H/Zr value, the c/a value
fluctuates around 1 with the change of the H/Zr value.
Additionally, it is difficult to display the electron diffraction
pattern of y and & phase for small content. Zr(Fe, Cr),
precipitates are mainly distributed inside the Zr grains.

As shown in Fig.6a, most of zirconium grains are equiaxed,
which correspond to the recrystallization characteristics. And
the distribution of hydrides is uniform and dense. The J
hydride is the main precipitation hydride, followed by y
hydride, and ¢ hydride is the least. Most of the hydrides

Grain
boundary

HAADF image (a), BF image (b) of zirconium and hydride and corresponding SAED patterns for zirconium (c) and hydride (d) marked in

a-Zr 7 phase & phase & phase

Fig.6 Electron backscatter diffraction maps: (a) phase distribution
diagram and (b) KAM diagram

precipitate at the grain boundaries, which is consistent with
TEM result, and the volume of the hydrides at the triangular
grain boundary is larger than at other grain boundaries, which
suggests that the triangular grain boundary is more conducive
to the growth of hydrides. As shown in Fig.6b, greater stress
exists in the hydride regions compared with zirconium matrix,
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Fig.7 Typical elastic nanoindentation loading/unloading curves (a) and frequency histogram of E and its Gaussian fitting curve (b)

which may be due to the volume expansion of hydrides in
zirconium matrix. Since the number of y and ¢ hydrides is
very small, only J hydride is considered in subsequent
experiments. In the hydrides/zirconium matrix interfaces, the
E of zirconium matrix is larger than that of the hydrides.
Therefore, microcracks are more likely to occur in hydrides
under load, which affects the brittle fracture behavior of
zirconium alloys.

The shapes of the indentations are clear and regular, and
will not affect each other, as displayed in Fig. 6, so the data is
reliable. Most of the indentations are inside the grains of
zirconium matrix, and the rest indentations are at the grain
boundaries and hydrides. The microstructure interacts with
each other, and a transition region exists in the mechanical
properties of the boundaries and its surrounding areas between
different phases, which is regarded as a special phase, and this
phenomenon is called the phase boundary effect™. The
difference between the £ of zirconium matrix and ¢ hydride is
small, so the phase boundary effect can be ignored.

Fig. 7a is the typical displacement-load curves of different
areas. The hydrides are uniformly distributed inside the
material, and the Gaussian mixture model can be used to
determine the mechanical properties and volume fraction of
the phases. As shown in Fig.7b, the bimodal Gaussian model
is used for fitting, and the fitting result is a probability density
curve. The E of Zr matrix is 116.88 GPa (81.74vo0l%), and the
E of ¢ hydride is 111.01 GPa (18.26vo0l%). Due to the solid
solution of other atoms in the Zr lattice, the calculated E of
zirconium matrix is slightly lower than that obtained by
experiments. ¢ hydride volume fraction is slightly higher than
the actual measured value.

3 Conclusions

1) The stable structures of y, J, and ¢ hydrides are P4,/mmc,
P4,/nnm, and I4/mmm in zirconium alloys. And there is the
transition sequence of y—dJ—¢. Compared with a-Zr, the c-
axis of hydrides lattice constants becomes smaller, and the
unit cell volume expansion of y, J and ¢ hydrides is 12.1%,
14.8% and 17.9%, respectively.

2) Elastic constant tensors calculations predict that the £ of
o-Zr is 103.346 GPa, and the E of y,  and hydrides is 74.75,

96.08, and 91.13 GPa, respectively. The E of zirconium matrix
is larger than that of ¢ hydride, which is consistent with the
calculation result.

3) The structures and the elastic properties of ¢ hydride and
zirconium matrix are analyzed both by calculation and
experiment. According to G/B values, the toughness of
hydrides is stronger than that of o -Zr, which reveals that
ductile-brittle transition tend to occur in hydrides of zirconium
alloys due to the elastic anisotropy and stress concentration at
the interface of J hydrides and a-Zr matrix.
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