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Quantitative Vickers microhardnesses for � + �′-, �′-, �-, � + �- and �-phase hafnium hydrides (HfHx;
1.46 ≤ x ≤ 2.02) and deuterides (HfDx; 1.55 ≤ x ≤ 1.94) at room temperature have been measured using a
Vickers hardness tester. The Vickers microhardnesses of the HfHx and HfDx gradually decreased with an
increase of the hydrogen concentration, and those for 1.46 ≤ x ≤ 1.70 were higher than that of �-phase
metallic Hf. It was revealed by a first-principles calculation as well as an X-ray photoelectron spectroscopy
2.20.−x
1.20.−b
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(XPS) measurement that the hydrogen concentration dependence of the microhardnesses for HfHx and
HfDx was ascribed mainly in terms of its influence on charge transfer from Hf 5d to H 1s and reduction of
cohesive energy.

© 2009 Elsevier B.V. All rights reserved.
harge transfer

. Introduction

The hafnium hydrides (HfHx) or deuterides (HfDx) have a poten-
ial as ones of new candidate materials of control rods for the fast
eutron flux process in fast reactors [1]. For the fast neutron absorp-
ion process to HfHx and HfDx rods, the thermal neutrons, generated
y elastic collisions of the fast neutrons with hydrogen isotope
toms, are absorbed by Hf atoms. On the other hand, it is pre-
icted that the compositions in the HfHx and HfDx rods are changed
y the elastic collisions with fast neutrons as well as temperature
levations due to gamma-heating effects, and in addition the con-
entration gradient of the hydrogen isotopes is caused at the parts
f center and edge inside the rods. In order to design these hydride
nd deuteride control rods, it is extremely important to understand
hanges in the physical, chemical, thermal and mechanical proper-
ies of the hydrides and deuterides relative to the hydrogen isotope
istributions within the rod itself.

At this time, there is a scarcity of reported data concerning Vick-
rs microhardness, which is one of the most important parameters

egarding the mechanical properties, of HfHx and HfDx with var-
ous hydrogen isotope concentrations. In the present study, the
bjectives were to obtain quantitative Vickers microhardness at
oom temperature for HfHx and HfDx against the composition using
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Vickers hardness tester, and evaluate the hydrogen concentration
dependence of the mechanical property by taking into account
electronic structure which was not only measured on the sur-
face fractured in ultrahigh vacuum using a X-ray photoelectron
spectroscopy (XPS) and but also simulated using a first-principles
calculation.

2. Experimental

HfHx (1.46 ≤ x ≤ 2.02) or HfDx (1.55 ≤ x ≤ 1.94) compounds were prepared with
a Sieverts apparatus by heating and outgassing hafnium pure metal (99.8% qual-
ity) with the dimensions of ∅10 × 1.0 mm3 in an evacuated quartz tube at 1073 K,
followed by exposure to 99.9% pure hydrogen or deuterium gases in the tube at pres-
sures ranging from 0.1 to 1.0 × 105 Pa for 4 h. The specimens were then cooled to
room temperature at a rate of 4.5 × 10−3 K/s while still in the tube. The compositions
of the specimens were calculated based on mass gain after the hydrogenation.

X-ray diffraction (XRD) measurements confirmed that the hafnium–hydrogen
system at room temperature consists of three phases and the presence of mixtures.
The crystal structures of the compositions with 1.60 ≤ x ≤ 1.73 and 1.84 ≤ x ≤ 2.02
were face-centered cubic (fcc) �-phase and face-centered tetragonal (fct) �-phase,
respectively [2–4]. The HfHx or HfDx specimens with 1.74 ≤ x ≤ 1.83 had � + �-phase
structures that were mixtures of a �-phase with a �-phase. The crystal structures of
the composition with 1.48 ≤ x ≤ 1.59 were distinguishable from the �-phase struc-
ture by the XRD patterns, and exhibited a pseudocubic defect �-phase (�′-phase)
that has previously been reported in other literature [4–6]. The unit cell of this

pseudocubic phase is slightly deformed and displays some tetragonal characteris-
tics, such as the lattice constants for the a and b axes having the same values as those
of the �-phase, while that for the c axis is lower. The HfHx or HfDx specimens with
1.46 ≤ x ≤ 1.47 had � + �′-phase structures consisting of a mixture of a hexagonal �-
phase and a �′-phase [4]. It has been reported in the literature [3] that the hydrogen
atoms in the �- and �-phases are located in vacant tetrahedral interstices.

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:tsuchiya@imr.tohoku.ac.jp
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ig. 1. Vickers microhardnesses of HfHx (1.46 ≤ x ≤ 2.02) and HfDx (1.55 ≤ x ≤ 1.94),
easured at room temperature.

The Vickers microhardness measurement for the estimation of the mechan-
cal property of the HfHx or HfDx specimens prepared was carried out at room
emperature in air using the Vickers hardness tester. The diagonal length of the
mpression, produced under a load of 0.1 kg by a pyramid-shaped diamond inden-
er, was ≤26 �m and less than the average grain size of approximately � 100 �m. To
nvestigate the electronic structure of the hydride bulk, the surface of the hydride
pecimen fractured in ultrahigh vacuum was observed in situ using XPS with K-�
-rays of 1486.6 eV from an aluminum target [7]. The electronic structure of Hf
etal was also observed after it was sputtered with 2 keV Ar+ ions in order to

emove surface impurities, since it is extremely difficult for metals to fracture its
urface. In addition, first-principles calculations were performed to estimate the
ensity of states (DOS) and cohesive energy for hexagonal Hf (�-phase), deformed
ubic HfH1.50 (�′-phase), �-phase cubic HfH1.75 (�-phase), and tetragonal HfH2.00 (�-
hase). In the calculation, the effect of crystal-structural change on the electronic
tructure was considered using the projected augmented wave method with the
ienna ab initio simulation package (VASP) [8–10]. The exchange-correlation energy
as calculated within the generalized gradient approximation (GGA) [11]. The cut-

ff energy for the plane wave expansion was taken to be 584.6 eV. For Brillouin
one integrations, we use 8 × 8 × 8 k-points. In order to describe substoichiometric
oncentrations, appropriate H atoms positioned at tetrahedral sites are replaced by
acancies. The atomic positions and structural parameters are fully optimized by
he conjugated gradient method for �′-phase HfH , �-phase HfH and �-phase
1.53 1.76,

fH2.00, using the lattice parameters measured at room temperature as the initial
ondition [4,12].

ig. 2. Valence band photoelectron spectra for the fractured surfaces of �′-HfH1.53,
+ �-HfH1.78, and �-HfH1.99, as compared with the Ar+ ion-sputtered surface of �-Hf.
Fig. 3. DOS spectra of d band state in the valence bands for �-Hf, �′-HfH1.50, �-
HfH1.75, and �-HfH2.00.

3. Experimental results and discussion

Fig. 1 shows the Vickers microhardnesses of (�) HfHx

(1.46 ≤ x ≤ 2.02), (©) HfDx (1.55 ≤ x ≤ 1.94), and (�) �-Hf, respec-
tively, which are measured at room temperature using the Vickers
hardness tester. The dashed curve in Fig. 1 represents the empir-
ical values of the microhardnesses Hv of HfHx and HfDx, which
can be expressed as a function of composition x as follows;
Hv = 1.70 × 103 − 1.30 × 103x + 2.88 × 102x2. The both microhard-
nesses of HfHx and HfDx decrease as the compositions increase,
and, for HfHx and HfDx (x > 1.76) according to the equation above,
the microhardnesses are lower than that of �-Hf. In addition, the
microhardness of HfHx is similar to those of HfDx. The experimen-
tal result indicates no isotope effect on the microhardness for the
composition region of 1.46 ≤ x ≤ 2.02, and the effect of electronic
density between Hf and H (or D).

The electronic structures of the bulk of �′-HfH1.53, � + �-HfH1.78,
and �-HfH1.99, fractured in ultrahigh vacuum, were observed in situ
in O 1s and C 1s core energy and valence band levels using XPS. The
electronic structure of the Ar+ ion-sputtered surface of �-Hf is also
observed. While oxygen and carbon are scarce on the topmost frac-
tured surface of HfHx, they remain on its sputtered surface of �-Hf.

Their contaminations cannot be completely removed. Fig. 2 shows
the XPS spectra in the valence bands, including the Hf 5d band at
1.1 ± 0.1 eV and a new band at 6.5 ± 0.1 eV below the Fermi level
for �-Hf, �′-HfH1.53, � + �-HfH1.78, and �-HfH1.99. The new photo-

Fig. 4. Composition dependences on the ratios (IH/IHf) of a new peak area (IH, 5–8 eV)
to the Hf 5d photoelectron peak area (IHf, 0–3 eV), and the cohesive energies.
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Fig. 5. Electronic charge densities for (0 1 1) plane of

lectron peaks as well as 5d ones for �′-HfH1.53, � + �-HfH1.78, and
-HfH1.99 are broad, and show no significant change for the binding
nergy in the presences of hydrogen atoms in the interstices. Fur-
her, the new peak is also broad, and reveals no significant change
n the presence of hydrogen and deuterium atoms interstitials.

To understand the presence of the new peak in the valence band
nd the change in the intensities of the new and 5d photoelec-
ron peaks, the site-projected DOS of the d state of Hf for �-Hf,
′-HfH1.50, �-HfH1.75, and �-HfH2.00 obtained by first-principles cal-
ulations are shown in Fig. 3. The intensity of DOS represents the
harge of electrons per energy level in d band states. It can be seen
n Fig. 3 that some new peaks in the energy region of 5.0–8.0 eV
or �′-HfH1.50, �-HfH1.75, and �-HfH2.00, are shown by adding H.

oreover, a clear chemical shift to lower energy of Hf 5d peaks
s revealed for HfHx, as compared with that for �-Hf. The DOS of
he energy level of H 1s band were also calculated. The energy
evel was measured at approximately 5.0–9.0 eV. The appearance
f the new state may indicate hybrid orbitals comprising H 1s and
f 5d states. The ratios (IH/IHf) of the intensity of a new peak (IH)

o that of the Hf 5d photoelectron peak (IHf) at binding energies
f 5.0–8.0 and 0–3.0 eV, respectively, are shown as a function of
he hydrogen content in Fig. 4. The experimental results are also
lotted; these results are obtained by subtracting the background,
alculated using Shirley method, from the intensities at 5.0–8.0 and
–3.0 eV in Fig. 2. The experimental and theoretical values of IH/IHf

ncrease with an increase in the hydrogen content, although their
bsolute values are different each other. These results are in agree-
ent with the experimental and theoretical data for TiHx and TiDx

hich have been reported in the literatures [7,13].
In order to further check the bonding character, Fig. 5 shows the

lectronic charge densities for (0 1 1) plane of �′-HfH1.50, �-HfH1.75,
nd �-HfH2.00 obtained by the calculation. It is shown in Fig. 5 that
he charge density at each H site is significantly higher than that
t Hf sites. The result shows that the hybrid orbitals comprising H
s and Hf 5d band states are formed around H atoms. The charge

ensity around Hf sites decreases with increasing the H contents.
his result supports the theory that charge transfer from Hf 5d to

1s is caused by the presence of hydrogen atoms, and leads to
eduction of charge density between Hf and Hf atoms. Moreover,
he cohesive energies Ec that are required to break all the bonds
H1.50, �-HfH1.75, and �-HfH2.00 at temperature of 0 K.

such as Hf–H, H–H, and Hf–Hf associated with one of its constituent
solids, also decrease with increasing the H content, as shown in
Fig. 4. The values of Ec are obtained simultaneously from the expres-
sion Ec = EHfHx − (EHf + xEH) using the first-principles calculation.
Therefore, the reduction of the electronic charge density between
Hf and Hf with an increase of hydrogen atoms significantly leads to
the decrements of Ec, and may affect on the mechanical properties.

4. Summary

The Vickers microhardness which is one of the most impor-
tant parameters regarding the mechanical property, of HfHx

(1.46 ≤ x ≤ 2.02) and HfDx (1.55 ≤ x ≤ 1.94) prepared by adjusting
the temperature and hydrogen gas pressure with a Sieverts appa-
ratus, at room temperature was measured using Vickers hardness
tester. The hydrogen concentration dependence of the mechani-
cal properties was evaluated by taking into account the electronic
structure which is not only measured on the surface fractured
in ultrahigh vacuum using XPS but also simulated using a first-
principles calculation.

The Vickers microhardness of the � + �′-, �′-, �-, � + �- and
�-phase HfHx and HfDx gradually reduced with increase of the
hydrogen concentration. In XPS spectra for valence band of �′-
HfH1.53, � + �-HfH1.78, and �-HfH1.99, a new peak associated with
hybridized orbitals of H 1s and Hf 5d appeared at a binding energy of
around 6.5 eV. The ratio of the new peak to the Hf 5d peak increased
with an increase in the hydrogen concentration. The experimen-
tal result can be interpreted by the first-principles calculation that
the decreases of DOS at Hf 5d energy level by charge transfer from
Hf 5d to H 1s lead to reduction of cohesive energy of HfH1.50–2.00.
The hydrogen concentration dependence of the mechanical prop-
erty for HfHx and HfDx (x ≥ 1.5) is concluded mainly in terms of its
influence on charge transfer from Hf 5d to H 1s that results from
changing the hydrogen concentration.
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