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Abstract

The intermetallic compound ZrNi was mechanically ground under various partial pressures of hydrogen. At the beginning
of the grinding, hydride phases (ZrNiH and/or ZrNiH,) are formed, which lowers the free energy of the compound, and the
particle size are effectively reduced. Moreover, with progression of the grinding, an amorphous phase starts to grow. Finally,
depending on the partial pressure of hydrogen, a composite particle of the amorphous and crystalline phases is formed.
Consequently, such a grinding technique under various partial pressures of hydrogen promotes the synthesis of fine composite
particles, each of which consists of amorphous hydride and the crystalline hydride phases. In addition, the grinding enhances
the decomposition to form ZrH, even at room temperature. During the heating process under an argon atmosphere, the
dehydrogenation of ZrH, can progress even at low temperatures of around 750 K, which is caused by preferential crystallization
of the amorphous phases in the fine composite particles.
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1. Introduction aZNi(Hx) -

a-ZrNi(Hx) f (Usual properties ol MG)

Mechanical grinding (MG) is an attractive method Mechanical | Unstabilizing | Zggi’;aﬁon
for synthesizing amorphous materials in the solid state grinding
[1-5]. Generally in this method, particles of intermetallic
compounds are ground under an inert gas atmosphere. 4 ZNi s —e i t
Recently, mechanical grinding or alloying processes 5 Transtorming |
accompanied by solid-gas reactions under active gas 3 Hydrogenation | ot meeenergy | "9 0%
atmospheres such as hydrogen, nitrogen and oxygen &
have been intensively investigated [6-10]. ZeNiHa e 1 ‘ ‘

In this work, we tried to grind the intermetallic r '
compound ZrNi under various partial pressures of ZINH e -1 Stabilizing Brittle fracture
hydrogen. The motivation was that two effects are N (Newly added two effects)
considered to be added to the usual mechanical grinding Decomposition
as a result of the hydriding reaction during the grinding, %;:“i r\‘; T
as illustrated in Fig. 1 and outlined below. o

One of the two effects is a lowering of the free Fig. 1. Two ei.fe.cts addefi to the l.fsual mechanical grinding as a
enefgy of the compound against the inherent property result of hydriding reaction: lowering of the free emergy of the

. o e . . . compounds and addition of brittle fracture mode.
of mechanical grinding, which only raises it by the P

external mechanical energy. The compound, which is o .
going to be transformed into the metastable state, forms containing atmospheres. In some cases, the hydriding
hydrides to lower the free energy under hydrogen- reaction leads to decompOSIthD to form elemen'tal
hydrides. From the viewpoint of free energy, the reactive
* Corresponding author mechanical grinding involves a competition regarding
i Research Fellow of the Japan Society for the Promotion of the transforming directions, lowering or raising the free
Science. energy of the compound. Therefore, it is expected that

0925-8388/95/$09.50 © 1995 Elsevier Science S.A. All rights reserved
SSDI 0925-8388(94)01354-3



288 S. Orimo et al. | Journal of Alloys and Compounds 217 (1995) 287-294

composite particles of amorphous and crystalline phases
can be synthesized.

The other effect is the brittle fracture mode. This
mode is against the normal mechanical grinding which
acts plastically to the external mechanical energy. Our
preliminary experiments confirmed that ZrNi does not
easily change its particle size during the usual grinding
and it does not react with an atmosphere at all. In
contrast, hydrides of ZrNi are so brittle that external
mechanical energy was consumed for the reduction of
their particle sizes. Consequently, we consider that fine
particles of the composite phase can be effectively
synthesized by reactive mechanical grinding as described
in this paper.

To confirm the additional effects described above,
particle morphology, hydrogenation and amorphization
properties of ZrNi during reactive mechanical grinding
were investigated under various partial pressures of
hydrogen. Furthermore, the crystallization and dehy-
drogenation properties of the synthesized particles were
examined by thermogravimetric/differential thermal
analysis (TG/DTA).

2. Experimental

The initial compound ZrNi was prepared by arc
melting of each element of 99.9% purity under an
argon atmosphere. Bulk ZrNi is ductile and the surfaces
of its powder are active for oxygen and nitrogen.
Therefore, it was pre-treated with hydrogen to reduce
the grain size whilst maintaining the surface activity
under the following conditions. After degassing for 12
h, ZrNi was heated to 573 K. Three repetitive hydriding
under a hydrogen pressure of 1 MPa (99.99999% purity)
and dehydriding under vacuum were performed on
ZrNi, and finally dehydriding at 673 °K to remove the
hydrogen completely from it. As a result of this pre-
treatment, the bulk property of ZrNi changed to suf-
ficiently brittle to be effectively ground.

Both the pre-treated bulk ZrNi (1 g) and 20 steel
balls of 7 mm diameter (weight ratio nearly 1:30) were
placed in a steel vial of 30 cm® volume. The vial, which
was equipped with a connection valve for vacuuming
or introduction of various gases, was degassed for 12
h below 1.0 Pa. Then, mixed high-purity hydrogen and
argon were introduced into it, the pressures of which
were up to 1.0 MPa. The mixing ratios of these gases
were 0:10, 1:9, 3:7 and 10:0, which correspond to partial
hydrogen pressures of 0, 0.1, 0.3 and 1.0 MPa, re-
spectively. They were ground at a rotation speed of
nearly 400 rpm for periods from 5 min to 80 h (Fritsch
P7). For grinding longer than 3 h, cycles with rotation
for 3 h and pausing for 1 h were repeated to minimize
sample heating.

The particles thus synthesized under various partial
pressures of hydrogen and grinding times were char-
acterized by X-ray diffraction (Mac Science MXP3, Cu
Ka radiation), scanning electron microscopy (Hitachi
S$-4100), and TG/DTA (Seiko TG/DTA300). The ther-
mal analyses were carried out under a pure argon
atmosphere with heating at 5 K min~' to 873 K.

3. Results

3.1. Phases of initial compound before and after pre-
treatment

Fig. 2 shows the X-ray diffraction profiles for ZrNi
before and after the pre-treatment of three hydriding
and dehydriding cycles as mentioned above. The results
confirmed that the phase is not changed at all by the
pre-treatment.

3.2. Phase transformations of particles during the
reactive mechanical grinding

X-ray diffraction profiles for the particles ground
under a pure argon pressure of 1.0 MPa (a partial
hydrogen pressure of 0 MPa) are shown in Fig. 3. After
5 min from the beginning of the grinding, the phase
has not changed despite a slight broadening of the
peaks. After 5 h the crystalline peaks disappear, and
finally after grinding for 80 h the single phase of
amorphous ZrNi (a-ZrNi) is formed.

Fig. 4 shows the X-ray diffraction profiles for the
particles ground under a partial hydrogen pressure of
0.1 MPa. The profile of the particles ground for 5 min
shows not only a broadening but also a shift of some
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Fig. 2. X-ray diffraction profiles (Cu Ka) for the initial compound,
(a) before and (b) after pre-treatment with three hydriding and
dehydriding cycles.
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Fig. 3. X-ray diffraction profiles (Cu Ka) for the particles ground
under a pure argon pressure of 1.0 MPa (a partial hydrogen pressure
of 0 MPa) for (a) 5 min, (b) 5 h, (c) 20 h and (d) 80 h. To clarify
the existence of an amorphous phase, broken lines are shown as a
background in some profiles.
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Fig. 4. X-ray diffraction profiles (Cu Ka) for the particles ground
under a partial hydrogen pressure of 0.1 MPa for (a) 5 min, (b) 5
h, (c) 20 h and (d) 80 h.

peaks to lower angles. This shift is probably caused by
the formation of ZrNiH [11]. After 5 h, the profile is
almost the same as in Fig. 3(b), in which crystalline
peaks have disappeared. For grinding times longer than
20 h, however, the decomposition product ZrH, and
the amorphous hydride a-Zr, _,NiH, are newly formed
(here Zr, . ;Ni means that the atomic ratio of elemental
Zr is less than that of Ni, owing to the consumption
of some amount of elemental Zr to form ZrH,). It is
noted that the intensity of the peaks corresponding to
ZrH, is decreased in the profile at 80 h (Fig. 4(d))
compared with that at 20 h.

To clarify the phase transformations in the first stage
of the grinding under a partial hydrogen pressure of
0.3 MPa, the phases with shorter periods of grinding
were examined by X-ray diffraction, the results of which
are shown in Fig. 5. After 5 min from the beginning
of the grinding, both ZrNiH and ZrNiH, are formed.
On further grinding, all the peaks broaden whilst keeping
the same relative intensity ratios. After 5 h, a-Zr, _;NiH,
is formed and ZrH, starts to be detected. The peak
intensity of ZrH, decreases with grinding times longer
than 20 h, as observed in that under 0.1 MPa of
hydrogen.

Finally, X-ray diffraction profiles for the particles
ground under a pure hydrogen pressure of 1.0 MPa
are shown in Fig. 6. A single phase of ZrNiH, is formed
within 5 min, but the phases change little after that.
After 20 h, both ZrH, and a-Zr,_ NiH, start to be
detected in addition to ZrNiH,.

3.3. Morphology transformations of particles during the
reactive mechanical grinding

Fig. 7 shows SEM images for the particles ground
under a pure argon atmosphere (the left-hand images
are at a magnification of X500 and the right-hand
images at a higher magnification of X 3000). The particle
sizes are gradually reduced to around 50 pm in diameter
after grinding for 5 h, and little change can be observed
with grinding times longer than 20 h. After 80 h, a-
ZrNi particles 20-50 pm in diameter only can be
obtained as host particles, and no decomposed particles
at the surface of the host can be observed even with
higher magnification.

before grlndlng o} OO le} O: Zer

Q oo

A ZerH
V ZrNiHg

Intensity (arb. units )

. [ ]
o\ 2T NH X
30 40 50 60
28 / degree

Fig. 5. X-ray diffraction profiles (Cu Ka) for the particles ground
under a partial hydrogen pressure of 0.3 MPa for (a) 5 min, (b) 15
min, (¢) 1 h, (d) 5 h, (e) 20 h and (f) 80 h.
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Fig. 6. X-ray diffraction profiles (Cu Ka) for the particles ground

under a pure hydrogen pressure of 1.0 MPa for (2) 5 min, (b) 5 h,
(¢) 20 h and (d) 80 h.
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Fig. 7. SEM images for the particles ground under a pure argon
pressure of 1.0 MPa (a partial hydrogen pressure of 0 MPa) for (a)
5 min, (b) 5 h, (c) 20 h and (d) 80 h.

SEM images for the particles ground under a partial
hydrogen pressure of 0.1 MPa are shown in Fig. 8.
After 5 min, we can observe not only fine decomposed
particles about 1 pum in diameter, which seems to
correspond to ZrNiH, but also some fracture cracks
in the host particles. The sizes of the host particles
are slightly finer (about 20 wm) than those under a
pure argon atmosphere, but little difference can be
observed with grinding times longer than 20 h (20-50

Fig. 8. SEM images for the particles ground under a partial hydrogen
pressure of 0.1 MPa for (a) 5 min, (b) 5 h, (¢) 20 h and (d) 80 h.

um). Since fine decomposed particles cannot be ob-
served in the images after longer grinding times (Fig.
8(d)), they seem to penetrate into the host particles
with progression of the grinding.

There are obvious morphological differences between
the particles ground under a partial hydrogen pressure
of 0.1 MPa and those under higher (partial) pressures,
which are shown in Figs. 9 and 10. In Fig. 9, the
amounts of fine decomposed particles are much larger
than those under 0.1 MPa of hydrogen, and disinte-
gration of the host particles progresses even within 5
min. These host particles of diameter less than 10 um,
to which adhere the fine decomposed particles, cor-
respond to ZrNiH or ZrNiH,. After 5 h, fine decomposed
particles seem to penetrate into the host particles with
a smooth surface, and the whole particles become
coarser. Judging from Fig. 5(d), the host particles in
the images after 5 h of grinding correspond to
a-Zr, _,NiH,. The particle sizes are reduced again after
20 h, but they do not change any more with further
grinding (about 5 um). Under 1.0 MPa of pure hydrogen,
as shown in Fig. 10, there is further formation of
decomposed particles and disintegration of host par-
ticles. We can observe that the particles ground for 5
h are finest (0.5-1 pm), and they gradually become
coarser with further grinding.

3.4. Crystallization and dehydrogenation properties of
synthesized particles

The particles ground for 80 h under various partial
pressures of hydrogen were heated under a pure argon
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Fig. 9. SEM images for the particles ground under a partial hydrogen
pressure of 0.3 MPa for (a) 5 min, (b) 15 min, (c) 1 h, (d) 5 h,
(e) 20 h and (f) 80 h.

atmosphere, and their crystallization and dehydroge-
nation (hydrogen dissociation from amorphous phase)
properties were examined.

Fig.11 shows the TG/DTA profiles for the particles
ground under a pure argon atmosphere. The TG profile
does not change at all because the particles did not
react with the atmosphere during the grinding. An
exothermic peak (T.=749 K) in the DTA profile cor-
responds to the crystallization of a-ZrNi.

The particles ground under 0.1 MPa of hydrogen
start to reduce their weights at around 630 K, as shown
in Fig. 12. Judging from experimental and theoretical
data in previous reports [12-15], this reduction cor-
responds to the dissociation of hydrogen atoms which
were trapped by the 3Zr1Ni sites (the sites surrounded
by three elemental Zr and one elemental Ni) in
a-Zr, _;NiH,. At higher temperatures, we can also detect
crystallization (7.=747 K) and hydrogen dissociation
from 4Zr sites in a-Zr,_ /NiH,. An endothermic peak

(d)

s 5() (4N P um

Fig. 10. SEM images for the particles ground under a pure hydrogen
pressure of 1.0 MPa for (a) 5 min, (b) 5 h, (c) 20 h and (d) 80 h.
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Fig. 11, TG/DTA profiles for the particles ground under a pure
argon pressure of 1.0 MPa (a partial hydrogen pressure of 0 MPa)
for 80 h. To clarify the deviation from the background of each
temperature, broken lines are shown here and in subsequent profiles.

(T4=791 K) corresponds to the dehydrogenation of
ZrH,.

Similarly, the particles ground under 0.3 MPa of
hydrogen show gradual hydrogen dissociation from
a-Zr, _¢NiH, above 420 K, as shown in Fig. 13. Thus,
hydrogen atoms were trapped in 2Zr2Ni sites in addition
to both the 4Zr and 3ZrlNi sites. Sequential reactions
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Fig. 12. TG/DTA profiles for the particles ground under a partial
hydrogen pressure of 0.1 MPa for 80 h.
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Fig. 13. TG/DTA profiles for the particles ground under a partial
hydrogen pressure of 0.3 MPa for 80 h.

of crystallization followed by hydrogen dissociation are
detected more clearly than those in the profiles in Fig.
12. Fig. 14 shows the X-ray diffraction profiles for the
particles heat-treated just below and above the tem-
peratures of an endothermic peak (T,=810 K) which
corresponds to the dehydrogenation of ZrH, in Fig,
13. These profiles indicate that ZrNi in Fig. 14(c) is
formed by the solid~solid reaction between the ZrH,
phase formed during the grinding and Zr,;Ni,, phase
formed by crystallization (T, =757 K) during the heating
process after the grinding. At the same time as pro-
gression of this solid-solid reaction, hydrogen atoms

Intensity ( arb. units )

26 / degree

Fig. 14. X-ray diffraction profiles (Cu Ka) for the particles ground
under a partial hydrogen pressure of 0.3 MPa, (a) before the heat
treatment, and after heat treatment at (b) 773 K and (c) 853 K.
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Fig. 15. TG/DTA profiles for the particles ground under a pure
hydrogen pressure of 1.0 MPa for 80 h.

dissociate from ZrH,. These sequential reactions are
the same as observed in a previous investigation [16].
Finally, the TG/DTA profiles for the particles ground
under 1.0 MPa of pure hydrogen are shown in Fig.
15. Since a weight reduction already starts below 373
K, it is deduced that hydrogen atoms were trapped
even by unstable sites of 2Zr2Ni. The X-ray diffraction
analyses confirmed that an endothermic peak at 525
K corresponds to the dehydrogenation of ZrNiH,.
Although the results of TG/DTA analyses at lower
temperatures as described above can be easily under-
stood, the results obtained at higher temperatures imply
peculiar properties of the composite particles. One is
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Fig. 16. X-ray diffraction profiles (Cu Ka) for the particles ground
under a pure hydrogen pressure of 1.0 MPa, (a) before the heat
treatment, and after heat treatment at (b) 693 K and (c) 783 K.

that no exothermic peak of DTA analysis corresponding
to crystallization of a-Zr, _;NiH, is detected in Fig. 15.
Regarding the particles ground under hydrogen pres-
sures lower than 0.3 MPa, such peaks are obviously
detected around 750 K. Another is that the dehydriding
temperature of ZrH, (T,=746 K) is lower by as much
as 64 K than that under 0.3 MPa of hydrogen, and it
comes close to the crystallization temperature of a-
Zr,_gNiH,. X-ray diffraction profiles for the particles
heat-treated just below and above the temperatures of
the endothermic peak (73;=746 K) which mainly cor-
responds to the dehydrogenation of ZrH, are shown
in Fig. 16. Details are discussed later.

4, Discussion

During the reactive mechanical grinding in this work,
the particles ground under hydrogen-containing at-
mospheres transform into hydride phases within 5 min
from the beginning of grinding. Therefore, we can
recognize that further grinding substantially restarts
from such stabilized phases. Then they are continuously
transformed into a-Zr,_;NiH, as a metastable state or
into a hydride of Zr as a stable state.

Regarding the changes in particle sizes, the diameters
estimated from the SEM images in Figs. 7-10 are
summarized in Fig. 17. It can be deduced from com-
parison of Figs. 3-6 with Fig. 17 that the reductions
of particle sizes effectively progress as long as only
ZrNiH and/or ZrNiH, exist in each particle. However,
even the particles with reduced sizes in the earlier
stage of the grinding become coarser with the growth
of the amorphous phase.
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Fig. 17. Size changes of the particles ground under (partial) hydrogen
pressures of (a) 0, (b) 0.1, (c) 0.3 and (d) 1.0 MPa.

In addition to the reduction of particle sizes, the
mechanical grinding under hydrogen-containing at-
mospheres possesses two substantial advantages. The
first is that ZrH,, which was formed from the initial
compound ZrNi, could be formed even at room tem-
perature. Without grinding, the decomposition to form
ZrH, will not progress only by hydriding reaction around
room temperature. In this work, ZrH, was formed
directly from a-Zr, _,NiH,. Therefore, because of the
grinding effects, it is considered that elemental Zr at
the surface of each particle easily changes its binding
state to form the hydride phase. Some amount of ZrH,,
which was formed at the surface, seems to penetrate
into the host particles with progression of grinding.
Therefore, if the formation of ZrH, starts to be sup-
pressed with the decrease in active elemental Zr near
the surface, the amount of ZrH, at the surface of each
particle will decrease because of the penetration into
the host particles. This agrees reasonably with the
experimental results (Figs. 4 and 5) that the intensities
of peaks corresponding to ZrH, in the X-ray diffraction
profiles show a maximum around 20 h from the beginning
of grinding.

The second advantage is related to the peculiar
crystallization and dehydrogenation properties of the
particles ground under 1.0 MPa of pure hydrogen for
80 h, as described in Section 3.4. These particles consist
of the phases such as ZrH,, ZrNiH; and a-Zr, _,NiH,,
as shown in Figs. 6(d) and 16(a). We assume that these
properties originate from the existence of the ZrNiH,
phase in each particle because of the high chemical
potential of hydrogen. This hydride phase cannot exist
in the particles ground for 80 h under lower partial
pressures.

During the heating process under a pure argon
atmosphere, the particles start to dissociate hydrogen
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atoms which formed the ZrNiH, phase and which were
trapped by unstable sites in a-Zr; _NiH,. At 693 K,
as is evident from Fig. 16(b), the particles consist of
phases such as ZrH,, dehydrided crystalline ZrNi and
a-Zr, _;NiH, just before the crystallization.

With further heating around 750 K, the a-Zr, _;NiH,
can preferentially transform into new crystalline ZrNi,
which seems to be a stable structure at this temperature,
because the dehydrided crystalline ZrNi is already
dispersed in each particle and forms nucleation sites
for crystallization. During this crystallization reaction,
elemental Zr in ZrH, is consumed to form new crystalline
ZrNi from the a-Zr, _,NiH, in which the atomic ratio
of elemental Zr is less than that of Ni. This consumption
of elemental Zr inevitably promotes the dehydroge-
nation of ZrH, as shown in Fig. 16(c). We believe that
the exothermic peak corresponding to crystallization of
a-Zr, _;NiH, is rather broad because of the gradual
crystallization reaction. Therefore, the exothermic peak
is most likely hidden by the large endothermic peak
in Fig. 15 (T,=746 K), which corresponds to both the
dehydrogenation of ZrH, and dissociation of the hy-
drogen trapped by the a-Zr,_,NiH,.

We conclude that the preferential crystallization in-
duces the low-temperature dehydrogenation of ZrH,.
Since the other particles ground under lower partial
pressures of hydrogen do not have ZrNi phase as
nucleation sites for crystallization (shown in Figs. 5(f)
and 14(a) for the particles ground under 0.3 MPa of
hydrogen), a-Zr, _;NiH, tentatively transforms into the
metastable Zr;Ni,, at the same temperature, as shown
in Fig. 14(b). In this case dehydrogenation of ZrH,
can proceed only at higher temperatures around 810
K by the solid-solid reaction between ZrH, and Zr,Ni,,
(shown in Fig. 14(c)).

Because of the advantages of the reactive mechanical
grinding in this work, this grinding technique is now
being applied to the design of materials for hydrogen
storage which have microscopic interfaces of amorphous
and crystalline phase, or for hard magnets with ani-
sotropic nanoscale grains which are expected to be
formed by utilizing successive hydrogenation, amor-
phization and dehydrogenation—crystallization reac-
tions. Moreover, TEM observations of synthesized par-
ticles are in progress to clarify the microstructures in
the composite phase. According to the preliminary
results, composite particles of amorphous-like and crys-
talline phases were observable. Further investigations
concerned with the nanoscale structures of these phases
should be carried out in detail.

5. Conclusions

In the reactive mechanical grinding of ZrNi under
various partial pressures of hydrogen, we obtained the
following results:

(1) At the beginning of grinding, hydride phases are
formed to lower the free energy of the compound, and
particle sizes are effectively reduced.

(2) With progression of the grinding, an amorphous
phase starts to grow.

(3) Finally, depending on the partial pressure of
hydrogen, composite particles of amorphous hydride
(a-Zr, _,NiH,) phase and crystalline hydride (ZrNiH,
and/or ZrH,) phases are synthesized.

(4) In the synthesized particles, the decomposition
reaction to form ZrH, was strongly enhanced.

(5) The coexistence of a-Zr,_;NiH, and crystalline
ZiNi(H;) in each particle leads to preferential crys-
tallization into a ZrNi phase and also to low-temperature
dehydrogenation of ZrH,.
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