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We performe first-principles density functional theory calculations to investigate the stability and mechanical prop-
erties of various HfH, (0 <x < 1) phases. For pure Hf phases, the calculated results show that the HCP and FCC phases
are mechanically stable, while the BCC phase is unstable at O K. Also, as for various HfH, phases, we find that H location
and concentration could have a significant effect on their stability and mechanical properties. When 0 < x < 0.25, the HCP
phases with H at (tetrahedral) T sites are energetically most stable among various phases. The FCC and BCC phases with
H at T sites turn to be relatively more favorable than the HCP phase when H concentration is higher than 0.25. Further-
more, our calculated results indicate that the H solution in Hf can largely affect their mechanical properties such as the bulk

moduli (B) and shear moduli (G).
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1. Introduction

Hafnium (Hf), a typical group IVB metal, has wide ap-
plications in nuclear technology and modern manufacture.!-!
Due to its properties of adequate plasticity, easy processing,
and high-temperature corrosion resistance, Hf has been always
used as the neutron absorbers for control rods in nuclear reac-
tors. It is also the principal gate or electrode material in metal—
oxide semiconductor field effect transistors (MOSFETS) in the
field of modern semiconductors. In addition, it can be added
into tungsten, molybdenum, tantalum, tantalum, and other al-
loys for property improvement.

Chemically similar to Zr, Hf can easily hydride. By
means of differential scanning calorimetry (DSC), Ogiyanagi
et al. have measured terminal solid solubility of hydrogen for
nonirradiated Hf, and found that the hydrogen concentration
was in the range of [27, 300] wt ppm.5! Using nuclear mag-
netic resonance (NMR), Gotteald et al. have studied the hy-
drogen diffusion in Hf, and obtained that the activation en-
thalpy for hydrogen diffusion increases slightly with hydro-
gen concentration.'*! Also, nowadays many experiments have
already testified that the structure, phase transformations, and
physical properties of Hf—H phases differ largely from the pure
ones. Sidhu and Mcguire have obtained three phases of the
Hf-H system at room temperature, i.e., deformed cubic phase,
face-centered cubic (FCC) phase, and face-centered tetrago-
nal (FCT) phase.!®! Using the time-dependent perturbed angu-
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lar correlation (TDPAC) technique, Berant et al. have demon-
strated that when the H/Hf atom ratio is less than 1.63, Hf-
H systems are mainly composed of metallic hexagonal-close-
packed (HCP) Hf and hydride FCC phases.!®) However, the
related theoretical studies for the Hf—H system are inadequate.
Thus, a systematic research of various types of Hf and Hf-H
phases could help exploring potential applications of this im-
portant metal.

In this paper, we will carry out a systematic study on
the stability and mechanical properties of various Hf and Hf—
H phases by performing first-principles calculations. Three
structures of HCP, FCC, and BCC are taken into accounts
in the study. For each Hf structure, H atom has been placed
at tetrahedral (T) and octahedral (O) interstitial sites, respec-
tively. Here, H concentration is only restricted in the low con-
centration range of 0 < x < 1. Our studies mainly focus on
the effects of H location and concentration on the properties
of various Hf-H phases, which can help us gain a deep insight
into the Hf—H interactions.

We will organize the remainder of the paper as follows.
In Section 2, the theoretical methods and the computational
details are described. Section 3 presents our calculated results
of structural stability and mechanical properties of Hf and Hf—
H phases. The effects of H location and concentration on the
stability and mechanical properties of Hf—H phases have also
been discussed in detail in this section. Finally, a short sum-
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mary is given in the last section.

2. Computational details

The first-principles calculations in the framework of
density functional theory (DFT) are performed using Vi-
enna Ab-initio Simulation Package (VASP).”-8] The electron—
ion interaction is described using projector augmented wave
method,*1% the exchange—correlation between electrons us-
ing generalized gradient approximation (GGA) in the Perdew—
Burke—Ernzerhof (PBE) form.[!!] The energy cutoff for the
plane wave basis set is 300 eV for all calculations. In this
study, we will change H concentration by using different
sizes of supercells. Seven different kinds of H concentra-
tions have been employed, i.e., Hf3pH, Hf|¢H, HfgH, Hf4H,
Hf>H, Hf;H,, and pure Hf phases. These supercell models
contain 32, 16, 8, 4, 2, 2, and 2 Hf atoms, respectively. For
these three types of crystal lattices, we all have taken test cal-
culations for k-point convergence. As a result, for pure Hf,
Hf,H,, Hf;,H, Hf4H, HfsH, Hf|¢H, and Hf3;H phases with
BCC structures, the k-meshes of 14 x 14 x 14, 14 x 14 x 14,
14 x 14 x 14, 10 x 10 x 10, 10 x 10 x 10, 8 x 8 x 8, and
6 x 6 x 6 are adopted for geometry optimization, respectively.
For the supercells with FCC structures, we used the k-meshes
of 17 x 17 x 17, 17 x 17 x 17, 17 x 17 x 17, 12 x 12 x 12,
10 x 10 x 10, 9 x 9 x 6, and 6 x 6 x 6, respectively, while
the k-meshes are 15 x 15 x 10, 15 x 15 x 10, 15 x 15 x 10,
15x10x 10, 8 x 10 x 10, 8 x 8 x 5, and 8 x 5 x 5 for the
systems of HCP structures, respectively. The supercell param-
eters and the atomic positions are allowed to relax until the

forces on all atoms are converged to 0.05 eV/A.

3. Results and discussions
3.1. Stability and mechanics of pure Hf phases

For the sake of comparison, at first we calculate lattice
constants of the HCP, FCC, and BCC phases for pure Hf. The
corresponding values are listed in Table 1. For pure Hf phases,
we obtain the lattice constants of @ = 3.20 A and ¢ = 5.04 A
for the HCP structure, a = 4.47 A for the FCC structure, and
a = 3.53 A for the BCC structure, which match well with the
previous experiments!'>~15 and calculations.['®! This further
confirms that the computation parameters are properly chosen.

The independent elastic constants for pure HCP, FCC, and
BCC Hf phases can be directly obtained from the VASP cal-
culations. The corresponding results for pure HCP, FCC, and
BCC Hf phases are also listed in Table 1. For example, the
elastic constants Cy;, Ci2, Ci3, C33, and Cy4 of the HCP Hf
phase we obtain are 200, 64, 73, 201, and 54 GPa, respec-
tively. These data are consistent with Fisher and Renken’s

13,141 which again verifies the accuracy

experimental results,!
of our DFT calculations. Based on these data we can predict
their mechanical properties theoretically. The bulk moduli (B)
and Young’s moduli (E) of crystalline Hf phases are calculated
by fitting the Murnaghan equation of state (EOS) and Voigt—
Reuss—Hill approximation,!!”! respectively. Then, we can ob-

tain E of crystalline Hf phases through the following equation
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Table 1. The calculated results of lattice constants (in unit A), elastic constants (GPa), and mechanical properties (GPa) of pure Hf phases. The

corresponding results in previous experiments!!>~15

I and calculations'®! are also given in parenthesis for comparison.

Hf phases alA clA Ci11/GPa  Cj2/GPa C3/GPa  C33/GPa  Cgu/GPa  B/GPa G/GPa  E/GPa
HCP!'Z 14 320(3.19) 5.04(5.05) 200(188) 64(77)  73(66) 201 (197) 54(56) 109 (110) 60 (30) 151 (78)
FCCU®l 447 (4.44) - 145 89 89 145 65 108 50 130

BCCl 353 (3.62) - 78 119 119 78 51 105 22 62

As listed in Table 1, we can see that the theoretical value
of B agrees well with experiments while E dose not. It at-
tributes to that the Voigt—Reuss—Hill approximation could pro-
duce a big error by the large anisotropy of the structures.!!”!
Due to the overestimation of G, the predicted E also deviates
from the experimental values.

With reference to HCP Hf phases, we obtain the structural
energy difference is 0.18 eV/atom and 0.07 eV/atom for BCC
and FCC Hf phases, respectively. Therefore, we correctly pre-
dict that the HCP phase is the ground state for Hf metal. Also,
according to the strain energy theory, the independent elastic

constants of a mechanically stable phase should satisfy sev-

eral restrictions. For a cubic crystal, the stability criteria are
Ci1 > 0, C3, > C%,, and Cy > 0, while for an HCP crys-
tal they are Cy; > 0, C121 > C122, C33(C11 +C12) > C%3, and
C11C33 > C123. Thus, from Table 1, we can see the HCP and
FCC structures satisfy the stability criteria, which implies that
these phases could be mechanically stable. However, as for
the BCC structure, the value of C; is larger than its Ci; by
41 GPa, which means it is mechanically unstable at 0 K. These
results are consistent with the Hf-H phase diagram!'®! that
shows BCC Hf phases only exist at high temperatures. Xie
et al. have discussed why the HCP and BCC phases can ex-
ist naturally, but not for the FCC phase.!'! Interestingly, the
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mechanically stable FCC phase cannot exist naturally, while

unstable BCC can exist.

3.2. Stability and mechanical properties of Hf—H phases

The effects of H on structural stability and mechanical
properties of various Hf—H phases are very significant. Here,
we have modeled seven different kinds of H concentration
of HfH, phases. The calculated atomic volumes of various
HfH, phases as a function of H/Hf atom ratio are depicted in
Fig. 1. It shows that all the HfH, phases experience volume
expansion with the addition of H, and the atomic volumes of
HfH, phases almost increase linearly with H concentration.
As clearly shown in Fig. 1, we can see for the pure phases,
the BCC Hf phase has the smallest volume of 22.01 A’ When
0 <x < 0.125, the differences of these six phases are relatively
negligible. However, when 0.125 < x < 1, the distinction of
the six curves in Fig. 1 is apparent. The six curves can be di-
vided into two parts and the volume expansion of T sites are
distinctly larger than the corresponding O sites. These results
suggest that H location and concentration in Hf should have
a strong impact on volume expansion especially when the H

concentration increases beyond 0.125.

-m- BCC(T) _A
g 254 --0-- BCC(0) PES R
5 -4- FCC(T) Pl
5 -+ FCC(O) P
~ T
% 24 % HCP(T) e i
= -#- HCP(O) _#7%"
Oé //// %
5 231 L
S A e

%55‘&5_'

2210 1

T T

0.2 0.4 0.6 0.8 1.0
H/Hf atom ratio

o 4 O

Fig. 1. (color online) Atomic volumes of HfH, phases as a function of hy-
drogen concentration.

To evaluate the effect of H on the structural stability of
HfH, phases, we have calculated the formation heat AH; by
the following formula:

E —nEys— (1/2)E
AH; = -1l nnﬂil( /2B, @)

where Eng,n, Enr, and Ep, are total free energies of Hf,H,

pure HCP Hf, and H; molecules, respectively. The calculated
results of the formation heat of HfH, phases as a function of
hydrogen concentration are shown in Fig. 2. At first glance, we
can see that the formation heat almost decreases linearly with
the increase of H concentration x. This phenomenon is also
observed for Zr alloys. (201 The slopes of the AHy for BCC(T),
BCC(0O), FCC(T), FCC(O), HCP(T), and HCP(O) are calcu-
lated through a linear fitting to be —37, —29, —37, —30, —20,

and —19 kJ/mol-H respectively, which match well with the ex-
perimental value of —38 kJ/mol-H.?!! These calculated values
are less than that of Zr alloys ( —50 kJ/mol-H) just as the exper-
iment observes. Also, we can find when 0 < x < 0.25, HCP(T)
phases are energetically more stable than other phases. When
H concentration increases to 0.5, FCC(T) and BCC(T) phases
turn to be relatively more favorable, and FCC(T) phases have
the lowest value of AHf when 0.5 < x < 1. As in Berant et
al’s work, it indicated that the HfH,. systems consist chiefly of
FCC phases rather than HCP phases when the H/Hf atom ratio
reaches 1.63,1% we can expect the phase transition occurs in

this relatively high H concentration.
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Fig. 2. (color online) Heats of formation of HfH, phases as a function of
hydrogen concentration.

We can see within the entire H concentration only the
HCP phases have always a negative AHy and HCP(T) phases
are more negative ones. This means H atoms are energetically
more favorable to occupy the T sites in HCP Hf phases. For
BCC and FCC structures, AHy is not negative until the H/Hf
atom ratio surpasses 0.125 and 0.0625, respectively. Just like
HCP structures, FCC(T) phases are always energetically fa-
vorable ones when compared to FCC(O) phases. As to BCC
phases, H prefers O sites when 0 < x < 0.25 and T sites at the
range of 0.25 < x < 1. These results demonstrate that the value
of AH; depends to a large extent on H concentration, which
will play an important role in relative structural stability for
these HfH, phases. For the mechanical properties, we find H
addition into Hf can also cause some dramatic changes. Here,
by comparing stable HCP(T) Hf,H phases with pure HCP Hf
phases, it is found that H at T sites can increase B by 27% and
decrease G by 36%. This trend has been well discussed in Zr—

(201 The theoretical computation

H phases by Wang and Gong.
predicts that the structural stability and mechanical properties
have been significantly affected when H is added in Hf, which
is consistent with the experiments. -]

In order to elucidate the underlying mechanisms, now we

analyze the Hf—H bond length and the densities of states for
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the HfH, phases. Taking the stable HCP phases as an exam-
ple, we present the average bond length dy;_y of HCP(T) and
HCP(O) HfH, phases as a function of hydrogen concentration
in Fig. 3. It shows that the values of dys—p almost keep the
same although the H concentration changes. In addition, from
Fig. 3 we can check that the dys—p in HCP(T) phases is about
[1.99, 2.03] A while the HCP(O) phases have a larger duf—n
of about [2.27, 2.30] A. When H is located in the T and O sites
of FCC or BCC phases, the bond lengths between Hf and H
are still in the same range. So it can be expected that the de-
gree of the volume expansion is mainly determined by the the
number of H atoms. These can well explain why the atomic
volumes of HfH, phases almost increases linearly with the H

concentration.
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Fig. 3. (color online) The average bond length dyr_g (A) of HCP(T) and
HCP(O) HfH, phases as a function of hydrogen concentration.

On the other side, to illustrate the change of the electronic
properties caused by H solution, we plot in Fig. 4 the calcu-
lated density of states (DOS) of the HCP Hf, phase and HfoH
phases with H at both T and O sites for comparison. As clearly
shown in Figs. 4(b) and 4(c), we can see that there appears an
energy overlap of the Hf-d and H-s states at the energy region
of [-9,—6] eV, which means that these two orbitals hybrid
strongly with each other. Through the Bader charge analysis,
the electron transfers for the two systems are calculated. It
is found that in the HCP(T) Hf,H phase, H totally gains 0.79
electrons from Hf atoms while the number is less by 0.12 elec-
trons in the HCP(O) Hf,;H phase, suggesting that the chemical
bonding between H and Hf should be stronger when H resides
at T sites than at O sites of HCP Hf phases. These are mainly
caused by the shorter average bond length between H and Hf
atoms. Also, figure 4 displays that the Fermi level of the pure
HCP Hf phases is situated at the bottom of the peseudogap,
while the Fermi level of HCP(T) and HCP(O) Hf;H phases
moves towards the DOS peak. The DOS at the Fermi level is
0.85 states/eV-atom and 1.17 states/eV-atom for HCP(T) and
HCP(O) Hf,;H phases, respectively. The larger value means

more brittle. Thus, the structural and physical properties of Hf
can be largely affected by H atoms.
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Fig. 4. (color online) Comparison of densities of states of (a) the HCP
Hf, phase and (b) HCP(T), and (c) HCP(O) Hf,H phases. The red and
blue curves represent H-s and Hf-d DOS, respectively. The Fermi energy is
shifted to 0 eV.

4. Conclusions

By employing first-principles density functional theory
calculations, we have investigated the stability and mechani-
cal properties of Hf and HfH, (0 < x < 1) phases. For pure
Hf phases, the structural and mechanical properties for three
types of phases (HCP, FCC, and BCC) have been presented.
The calculated results have showed that the HCP phase is the
ground state and the BCC phase is mechanically unstable at
0 K. Also, our calculations for HfH, (0 < x < 1) phases have
demonstrated that H location and concentration could have a
significant effect on the stability of the corresponding Hf-H
phases. When 0 < x < 0.25, the HCP phases with H at T sites
are energetically more stable among these structures, while H
concentration increases to 0.5, the FCC and BCC phases with
H at T sites turn to be relatively more favorable. In addition,
by comparing HCP(T) Hf,H phases with pure HCP Hf, it is
found that H addition could affect the mechanical properties
by decreasing bulk moduli and increasing shear moduli. On
the whole, the stability and mechanical properties of various

HfH, (0 < x < 1) phases obtained in our calculations are in
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good agreement with the experimental data available in the

literature. These results can be deeply understood by the elec-

tronic structure and bond length analysis.
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