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Hydrogenation properties and structural change
of HfxZr7−xNi10 (x = 0–7)
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Abstract

Hf7Ni10 has the same crystal structure as Zr7Ni10, which shows several unusual hydrogenation properties such as reversible hydrogenation by
irreversible phase transformation and structural change caused by hydrogenation followed by dehydrogenation, and its hydrogenation properties
have been unknown. The phase relation and hydrogenation properties of HfxZr7−xNi10 alloys were investigated in the compositional range from
Zr Ni (x = 0) to Hf Ni (x = 7). All the samples were obtained by arc melting followed by heat treatment in vacuum. The constituent phase
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as identified by the combination of X-ray diffraction and microscopic analysis and hydrogenation properties were examined by d
canning calorimetry and Sieverts’ method. No structural change from orthorhombicCmca type to another one such as tetragonalI4/mmm

ype and orthorhombicPbca type was observed for the addition of Hf and Hf was substituted for Zr in Zr7Ni10 in all the compositional rang
e examined. The lattice constant of the aimed phase decreased with an increase in Hf content. The measurements using differen
alorimetry indicated that the Hf-substituted alloys showed the same phase transformation as Zr7Ni10 in hydrogenation, that is the unus
hase transformation that an intermediate hydride phase appears only in dehydrogenation but not in hydrogenation. The tra

emperature decreased with an increase in Hf content.
2005 Elsevier B.V. All rights reserved.
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. Introduction

We have reported unusual and interesting properties for
hase transformation of Zr7Ni10 in hydrogenation. The com-
ound reversibly absorbs and desorbs hydrogen accompanied
y phase transformation caused by three hydrogen occlusion
hases, alpha which is a continuous hydrogen solid solution,
eta which is a hydride with lower hydrogen content, and
amma which is a hydride with higher hydrogen content.

n this phase transformation, the beta phase appears only in
ydrogen desorption but not in hydrogen absorption, so the
ydrogen absorption is achieved through the phase transfor-
ation from alpha to gamma, whereas the hydrogen des-
rption is achieved through the phase transformation from
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gamma to beta and beta to alpha[1]. In addition, the hydro
gen solubility of the alpha phase is quite larger in hydro
absorption than in hydrogen desorption[1]. Moreover, the
metal and hydrogen solid solution phases of Zr7Ni10 change
from an orthorhombic structure which was reported by K
patrick et al.[2] first and corrected by Joubert et al.[3] re-
cently to a tetragonal structure through the hydrogenati
form its corresponding hydride followed by dehydroge
tion [4]. Interestingly this structural change does not o
unless the compound absorbs enough hydrogen to for
hydride[4].

One may think that the properties described above
related to the crystal structure of Zr7Ni10. In the previou
paper, we investigated the hydrogenation properties o
Zr7Ni10 compound withPbca symmetry and found th
the tetragonal structure can be obtained by rapid co
from melt of Zr7Ni10 [5]. Thus the fact that this compou
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can possess several different structures may affect the
interesting hydrogenation properties mentioned above.
There are several compounds with the same crystal structure
as Zr7Ni10. Hf7Ni10 is one of these isomorphous compounds
and its hydrogenation properties have been investigated. In
the present study, the phase relation in the compositional
range between Zr7Ni10 and Hf7Ni10, including structural
change, and the hydrogenation properties of the alloys were
examined in order to obtain the information about the relation
between the above-mentioned characteristic hydrogenation
properties observed for Zr7Ni10 and crystal structure.

2. Experimental details

Starting materials were Zr (99.6%) and Hf (99.9%) and
granular Ni (99.9%). The granules of Ni were polished to
remove oxide on the surface. They were weighed to obtain
the samples with target compositions and alloyed in an Ar
atmosphere of 0.1 MPa in an arc melting furnace. The Ar
gas in the furnace was purified by melting Zr getter before
melting of each sample. Each ingot was turned over three
times to improve its homogeneity. The ingots with the bulk
compositions of ZrxHf7−xNi10 were homogenized by heat-
ing at 1273 K in a high vacuum furnace for 86.4 ks (x = 0),
172.8 ks (x = 1–3) and 345.6 ks (x = 4–7). The constituent
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Fig. 1. X-ray diffraction profiles measured for Hf3Zr4Ni10 sample (a) and
calculated based on the assumption that Hf3Zr4Ni10 compound has the same
orthorhombic structure as Zr7Ni10 and Hf atoms can randomly occupy Zr
sites (b).

in Fig. 1(a), the diffraction peaks from Si powder which was
mixed with the sample powder as internal standard are shown
with those from the sample. As expected, the alloy sample
had a single phase structure composed of the phase with the
orthorhombicCmca symmetry but no other phase or struc-
ture such as orthorhombicPbca [2] and tetragonalI4/mmm

[7] was observed under the present experimental conditions.
All the samples annealed for a sufficient time showed the
single phase structure composed of the aimed phase. In the
case of the Hf-containing samples, the single phase struc-
ture was not obtained without heat treatment after alloying
and longer heating time was necessary for the sample with
higher Hf content.Fig. 3 shows the change in lattice con-
stant with nominal Hf content in the sample. All the lattice
constants monotonously decreased with an increase in Hf
content, consistent with that the Goldschmidt radius of Hf
(0.160 nm) is smaller than that of Zr (0.162 nm), supporting
the substitution of Hf for Zr in Zr7Ni10.

F at-
t

hases were confirmed by the combination of X-ray diff
ion and microscopic analysis.

The hydrogenation properties of the samples w
xamined by differential scanning calorimetry and Siev
ethod. In the case of thermal analysis, sample i
as pulverized to pass through sieve of 100 meshes
0 mg of the powder was supplied to the analysis.
easurement was performed at 3 MPa in hydrogen pres

rom room temperature to 773 K in temperature range,
t 20 K/min in heating and cooling rate. Some of the sam

or which reversible hydrogenation and dehydrogena
ere confirmed by thermal analysis were supplied to
easurements of pressure–composition isotherms
n Sieverts’ method. The experimental conditions suc

nitial activation, degassing and measurement temper
ere determined based on the results of thermal analys

. Results and discussion

According to Glimois et al.[6], Cu can be substituted f
i in Zr7Ni10 in all the compositional ratio of Cu to Ni. Hf
ery similar to Zr for chemical characteristics, and therefo
s expected that Hf can be substituted for Zr in Zr7Ni10 in wide
ompositional range.Figs. 1 and 2show the X-ray diffraction
rofile and metallographic structure of Hf3Zr4Ni10 sample
espectively, whereFig. 1(b) is the profile calculated wit
he Rietan 97 beta program based on the assumption
he alloy has theCmca symmetry[4] as the binary Zr7Ni10
ompound and Hf atoms can randomly occupy Zr sites
ig. 2. Metallographic structure of Hf3Zr4Ni10 sample obtained as backsc
ering electron image.
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Fig. 3. Change in lattice constant of orthorhombicCmca structure of
HfxZr7−xNi10 with nominal Hf content.

Fig. 4 shows the change in heat flow with temperature
for the samples, where the heat flow profile of Zr7Ni10
is shown for comparison. In the case of Zr7Ni10, two
endothermic peaks corresponding to the phase transforma-
tion from gamma to beta and beta to alpha in heating and
one exothermic peak corresponding to the phase transforma-
tion from alpha to gamma in cooling were observed. For the
samples ofx = 1–3, two endothermic and one exothermic
peaks as observed for Zr7Ni10 were observed in the second
cycle, implying that the phase transformation of these alloys
occurs in the same manner as the binary Zr7Ni10 compound.
In the case of thex = 4 sample, endothermic peaks were ob-
served in heating of the second cycle, whereas there was no
exothermic peak in cooling. For the other samples (x = 5–7),
no significant peak was observed.

The results for heat flow profile include both thermody-
namic and reaction rate effects. If reaction rate is independent
of the sample composition, the change in peaks observed
in heat flow profile with Hf content implies the change in
stability of the hydride of the alloy with Hf content.Fig. 5
shows the change in the endothermic and exothermic peaks
observed in heat flow profile for each sample with nominal
Hf content in the sample. The temperatures of these three
peaks monotonously decrease with an increase in Hf content,
implying that the stability of the corresponding hydride
decreases with increasing Hf content on the assumption
d for
t a to
g ent
( the

Fig. 4. Change in heat flow with temperature for Zr7Ni10, Hf2Zr5Ni10,
Hf4Zr3Ni10 and Hf7Ni10. All the heat flow profiles were obtained in hy-
drogen atmosphere of 3 MPa at 20 K/min in heating and cooling rate.

hydride within the measurement temperature range, which
can be considered to be the reason that no other peak except
the one corresponding to initial hydrogenation was observed
in the heat flow profile. In the case of thex = 4 sample, it

Fig. 5. Change in the temperature of exothermic and endothermic peaks
observed inFig. 4with nominal Hf content in HfxZr7−xNi10 samples. Dashed
lines are extrapolation lines obtained by least square method for the three
kinds of peaks.
escribed above. Judging from the extrapolation line
he hydrogen absorption corresponding to the alph
amma transformation, the alloy with higher Hf cont
x = 5–7) did not absorb enough hydrogen to form
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Fig. 6. Hydrogen pressure–composition isotherms of Zr7Ni10, Hf1Zr6Ni10

and Hf2Zr5Ni10 samples. All the measurements were conducted at 403 K.

can be considered that the alloy absorbed hydrogen very
slowly around room temperature, which is the reason that
no exothermic peak corresponding to the hydrogenation was
observed, because it can be expected fromFig. 5 that its
exothermic peak is around room temperature.

In order to confirm about the stability of the hydride of the
alloy, the hydrogen pressure–composition isotherms of the
three samples (x = 0–2) were measured at 403 K with a con-
ventional Sieverts’ type apparatus. The curves obtained are
shown inFig. 6. Hf-containing samples showed one plateau
in hydrogen absorption and two plateaus in hydrogen desorp-
tion as well as Zr7Ni10, indicating the existence of the inter-
mediate hydride phase beta which appears only in hydrogen
desorption but not in hydrogen absorption. The three plateau
pressures corresponding to the alpha to gamma, gamma to
beta and beta to alpha transformation increase with an in-
crease in nominal Hf content, which means that the hydride
of the alloy with higher Hf content is less stable. These results
are consistent with the expectation from the results obtained
by differential scanning calorimetry.

In the present study, the hydrogenation behaviors of the
Hf-rich compounds were not observed because their hy-
drides were very unstable. However, all the alloys whose
hydrogenation properties were observed under the present
experimental conditions exhibited the phase transformation
in the same manner as the binary Zr7Ni10 compound. This
fact implies that the unusual phase transformation in hy-
drogenation of Zr7Ni10 is strongly related to its crystal
structure.

4. Conclusions

In order to obtain the information about the relation be-
tween the unusual phase transformation in hydrogenation of
Zr7Ni10 and its crystal structure, the HfxZr7−xNi10 alloys
were examined on the compositional range ofx = 0–7. In
the compositional range examined, the orthorhombicCmca
type phase can only exist but no other structure is obtained
under the conventional melting and annealing conditions. Hf
can substitute for Zr in Zr7Ni10 in every compositional ra-
tio of Hf to Zr and the HfxZr7−xNi10 compound has the or-
thorhombic structure with the space groupCmca. Since the
corresponding hydride becomes unstable with an increase in
Hf content, the phase transformation in hydrogenation of Hf-
rich compounds was not observed. For the alloys showing the
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ydrogenation accompanied by phase transformation,
ver, the same phase transformation as Zr7Ni10 is observed
uch as the transformation from alpha to gamma in hydr
bsorption and from gamma to beta and from beta to a

n hydrogen desorption. Therefore, the unusual phase
ormation that the intermediate beta phase does not a
n hydrogen absorption can be strongly related to the cr
tructure.
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