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Abstract

The pressure dependence of structural changes in C15 Laves phase DyFe2 was investigated using a pressure differential scanning calorimeter
(PDSC) at 0.1–5.0 MPa H2 and compared with that of ErFe2 and CeFe2. By thermal analysis of DyFe2, four exothermic peaks of hydrogen
absorption, hydrogen-induced amorphization (HIA), the precipitation of BiF3-type DyH3 and the decomposition of the amorphous hydride
were observed above 0.5 MPa H, although tri-hydride DyHtakes usually the HoH-type structure. HIA overlapped with the precipitation of
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yH3 at 0.2 MPa H2, butc-DyFe2Hx decomposed directly intoα-Fe and DyH3at 0.1 MPa H2. Hydrogen absorption, HIA, and the decomposi
f a-DyFe2Hx showed a negative pressure dependence, but the precipitation of DyH3 showed a positive one. As a result of such depende
IA does not occur at lower hydrogen pressure. The structural changes of ErFe2were similar to that of DyFe2. On the other hand, hydrog
bsorption and HIA occurred simultaneously for every hydrogen pressure in CeFe2. The mechanism of HIA in the C15 Laves phases R2
as discussed on the basis of the experimental results.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Since unique properties of amorphous alloys prepared by
apid quenching are lost by crystallization on heating, crys-
allization of amorphous alloys has extensively been investi-
ated so far. On the other hand, it has been reported that some
rystalline hydrides transform to amorphous ones on heating
n a hydrogen atmosphere, which is called hydrogen-induced
morphization (HIA) and a reverse reaction to crystallization.
IA is closely related to the disproportionation reaction that
ominates a lifetime of hydrogen storage alloys, so that it is

mportant to make clear the controlling factors of HIA. HIA
as been observed in the intermetallic compounds AxB1−x

onsisting of hydride forming (A) and non-hydride forming
etals (B) with the crystal structures such as C15, B82, C23,
019 and L12 [1–15]. Among these, structural changes in the
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C15 Laves phases RFe2 (R = rare earth metals) are part
ularly interesting, because both a crystalline and an a
phous hydride form depending on the hydrogenation
perature[12]. One of the present authors (Aoki) investiga
hydrogen-induced structural changes in C15 Laves ph
AB2 and demonstrated that HIA occurs in the compou
having the atomic size ratio larger than 1.37[16]. Recently
the present authors have shown that C14 Laves phase N2
with the atomic size ratio RNd/RMn = 1.45 amorphizes als
by hydrogenation[17]. Furthermore, it has been reported t
structural changes in C15 Laves phases RFe2 depend on th
kind of R [12,13]. That is, hydrogen absorption, HIA, t
precipitation of RH3 and the decomposition of the remain
amorphous phase occur in RFe2 (R = Sm, Gd, Tb, Dy an
Ho). On the contrary, hydrogen absorption and HIA occu
multaneously in CeFe2 [18], while HIA and precipitation o
ErH3 do simultaneously in ErFe2 [15]. However, the mech
anism of HIA in the C15 Laves phases is still uncertain.
important and useful to investigate formation condition
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amorphous hydrides in order to elucidate the mechanism of
HIA.

In the present work, the pressure dependence of struc-
tural changes in C15 Laves phase DyFe2 is investigated us-
ing PDSC and compared with that of ErFe2 and CeFe2. The
mechanism of HIA in the C 15 Laves phases RFe2 is dis-
cussed on the basis of the experimental results.

2. Experimental

DyFe2 was prepared using high purity metals by arc melt-
ing in a purified argon atmosphere and homogenized at
1073 K for 1 week in an evacuated quartz tube. After homog-
enization, the ingot was crushed into 100 mesh and thermally
analyzed using a pressure differential scanning calorimeter
(PDSC) in a hydrogen atmosphere of 0.1–5.0 MPa. The al-
loy was heated to typical stages in PDSC, followed by rapid
cooling to room temperature. Subsequently, it was subjected
to powder X-ray diffraction (XRD) and conventional DSC
(Ar-DSC) heated at a rate of 0.67 K/s in a flowing argon at-
mosphere. Some samples were further examined in a trans-
mission electron microscope (TEM). The thermal desorption
spectrum (TDS) of hydrogen and the amount of desorbed
hydrogen were measured by heating the sample at a rate of
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Fig. 2. XRD patterns of DyFe2 heated to above the respective stages of
PDSC at the rate of 0.17 K/s at 1.0 MPa H2. The original sample (1), the
sample heated to above the first peak (to 460 K) (2), the second peak (to
583 K) (3), the third peak (to 673 K) (4), and the fourth peak (to 773 K) (5).

Fig. 3. Ar-DSC curves for DyFe2 after heating to above the respective stages
of PDSC at a rate of 0.17 K/s and at 1.0 MPa H2. The sample heated to above
the first peak (to 460 K) (1), the second peak (to 583 K) (2), the third peak
(to 673 K) (3), and the fourth peak (to 773 K) (4).
K/s in an argon atmosphere by a hydrogen analyzer.

. Results and discussion

.1. Structural changes of DyFe2 on hydrogenation and
onditions of HIA

Fig. 1shows typical PDSC curves of DyFe2 and the chang
f the hydrogen content (H/M) heated at the rate of 0.17
he PDSC curves of DyFe2 heated at 1.0, 0.2 and 0.1 M
2 show four, three and two exothermic peaks, respecti
Figs. 2 and 3show XRD patterns and Ar-DSC curves

yFe2 heated to above the respective exothermic pea

ig. 1. PDSC curves of DyFe2 and the change in the hydrogen content (H
eated at 0.1, 0.2 and 1.0 MPa H2 at the rate of 0.17 K/s.
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1.0 MPa H2, respectively. The XRD pattern of the original
sample indicates that this alloy is in the C15 Laves phase.
The XRD pattern of the sample heated to above peak I (to
460 K) shows Bragg peaks indexed on the basis of a rhombo-
hedral structure (R3̄m). The bright field image (BFI) of TEM
for this sample shows crystalline microstructure and the cor-
responding selected area diffraction pattern (SADP) shows
a highly strained rhombohedral structure[20]. Its Ar-DSC
curve does not show any exothermic peak of crystallization.
Its hydrogen content is 1.48 (H/M). Consequently, the first
exothermic peak results from the formation of a crystalline
hydridec-DyFe2H4.4.

The Bragg peaks disappear and are replaced by a broad
maximum in the sample heated to above peak II (to 583 K).
BFI for this sample is featureless and its SADP shows a broad
halo characteristic of the amorphous structure. The Ar-DSC
curve of this sample shows an exothermic peak of crystal-
lization at around 900 K. The hydrogen content is reduced to
1.13 (H/M). These experimental results imply that the sec-
ond exothermic peak results from the transformation from
c-DyFe2H4.4 to a-DyFe2H3.4, i.e., hydrogen-induced amor-
phization (HIA).

Broad and weak Bragg peaks of BiF3-type DyH3 appear
overlapped with a broad maximum in the sample heated to
above peak III (to 673 K). BFI shows crystalline particles em-
bedded in the amorphous matrix and its SADP shows Debye–
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broad exothermic peak of crystallization. These experimental
results imply that the second exothermic peak results from
the simultaneous occurrence of HIA and the precipitation of
BiF3-type DyH3. The reaction sequence of DyFe2 heated at
0.2 MPa H2 is expressed as follows.

c-DyFe2
Peak I−→ c-DyFe2Hx

Peak II−→ a-Dy1−yFe2Hx

+DyH3
Peak III−→ α-Fe+ DyH3 (2)

The PDSC curve of DyFe2 heated at 0.1 MPa H2 show
two exothermic peaks. The first exothermic peak results from
the formation ofc-DyFe2Hx. The XRD pattern of the sample
heated to above peak II (to 714 K) is indexed on the basis ofα-
Fe and BiF3-type DyH3. BFI of this sample shows the lattice
image and its SADP shows Debye–Scherrer rings indexed on
the basis ofα-Fe and BiF3-type DyH3. The Ar-DSC curve of
this sample does not show any exothermic peak of crystal-
lization. The hydrogen content of this sample is 1.36 (H/M),
which is the same as that of the sample heated at 0.2 MPa
H2. Consequently, the second exothermic peak results from
the direct decomposition ofc-DyFe2H4.1 into α-Fe + DyH3.
No amorphous hydride is detected under the present exper-
imental conditions. The reaction sequence of DyFe2 heated
at 0.1 MPa is expressed as follows.
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cherrer rings of BiF3-type DyH3 overlapped with a broa
alo. The Ar-DSC curve of this sample shows an exot
ic peak of crystallization at around 800–900 K. From th

xperimental results, we can see that the third exothe
eak results from the precipitation of BiF3-type DyH3in a-
yFe2Hx.
The XRD pattern of the sample heated to above peak I

73 K) is indexed on the basis ofα-Fe and BiF3-type DyH3.
ark particles can be observed in BFI for this sample an
ebye–Scherrer rings indexed on the basis ofα-Fe and BiF3-

ype DyH3are observed in its SADP. Its Ar-DSC curve d
ot show any exothermic peak of crystallization. The hy
en content of this sample is 1.08 (H/M), i.e., 3.24 (H/D
onsequently, the fourth exothermic peak results from th
omposition of the remaining amorphous hydride intoα-Fe
nd DyH3. The reaction sequence of DyFe2 heated at 1.0 MP
2 is summarized as follows.

-DyFe2
Peak I−→ c-DyFe2Hx

Peak II−→ a-DyFe2Hx
Peak III−→

a-Dy1−yFe2Hx + DyH3
Peak IV−→ α-Fe+ DyH3 (1)

The PDSC curve of DyFe2 heated at 0.2 MPa H2 shows
hree exothermic peaks. The first and the third exothe
eaks result from hydrogen absorption and the decom

ion of thea-DyFe2Hx into α-Fe and DyH3, respectively, in
he same way as 1.0 MPa H2. On the other hand, the XR
attern of the sample heated to above the second ex
ic peak shows the Bragg peaks of BiF3-type DyH3 over-

apped with a broad maximum. Its Ar-DSC curve shows
-DyFe2
Peak I−→ c-DyFe2Hx

Peak II−→ α-Fe+ DyH3 (3)

Fig. 4 shows the relation between the peak tempera
p for the thermal reactions and the hydrogen pressure.Tp for
ydrogen absorption, HIA, and the decomposition of tha-
yFe2Hx show a negative pressure dependence, butTp for the
recipitation of DyH3 shows a positive one. Also, the extra
lated line connectingTp for HIA intersects the extrapolate

ine connectingTp for the precipitation of DyH3. HIA and the
recipitation of DyH3 occur simultaneously at about 0.2 M
2. At the hydrogen pressure below the intersecting p

ig. 4. The peak temperaturesTp of the thermal reactions of DyFe2 for two
eating rates of 0.17 K/s (the solid symbol and the solid line) and 0.3
the open symbol and the broken line) plotted against the hydrogen pre
he solid hexagon denotes that HIA and the precipitation of BiF3-type DyH3

ccur simultaneously. The pentagram indicates the direct decomposi
he crystalline hydride.
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Tp for HIA is higher than that for the precipitation of DyH3,
which implies thata-DyFe2Hx is unstable. Then,c-DyFe2Hx

decomposes directly intoα-Fe and DyH3at 0.1 MPa H2. The
reduced peak temperature (the peak temperature/the melting
point of DyFe2) Tp/Tm for hydrogen absorption, HIA, the
precipitation of DyH3 and the decomposition ofa-DyFe2Hx

are 0.28, 0.36, 0.43 and 0.48, respectively. These values are
related with the diffusion of the metallic atoms as discussed
later.

The relation betweenTp and the hydrogen pressure for
ErFe2 is similar to that for DyFe2 [19]. That is,Tp for hy-
drogen absorption, HIA and the decomposition ofa-ErFe2Hx

intoα-Fe + ErH3 show a negative pressure dependence, butTp
for the precipitation of BiF3-ype ErH3 shows a positive one.
On the contrary, hydrogen absorption and HIA occur simulta-
neously in CeFe2 independent of the hydrogen pressure[18].
Tp for HIA and the decomposition ofa-CeFe2Hx show a neg-
ative pressure dependence, whileTp for the precipitation of
CeH3 shows a positive one. For every R,Tp for hydrogen
absorption, HIA and the decomposition ofa-RFe2Hx show
a negative pressure dependence, although hydrogen absorp-
tion and HIA occur simultaneously in CeFe2, which implies
that these reactions are controlled by the diffusion of hydro-
gen or R that interacts with hydrogen. On the contrary,Tp
for the precipitation of BiF3-type RH3 shows a positive pres-
sure dependence. This pressure dependence is very strange,
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Fig. 5. TDS, heated at the rate of 2 K/s using a hydrogen analyzer in an
argon atmosphere, for the samples: (1)c-DyFe2H4.4, (2) a-DyFe2H3.4, (3)
a-Dy1−yFe2Hx + DyH3, (4) α-Fe + DyH3 and (5) for Dy hydride prepared
by hydrogenation of Dy at room temperature in 5 MPa H2 for 86 ks.

trapped more tightly than those inc-DyFe2H4.4, which be-
comes the driving force for HIA. On the other hand, TDS for
this sample shows a broad peak at about 1100–1300 K, which
is due to hydrogen desorption from CaF2-type DyH2. TDS
for a-Dy1−yFe2Hx + DyH3 is similar to that fora-DyFe2H3.3
because of the similarity of chemical compositions of both
phases.

3.3. Crystal structures of R hydride precipitated in the
amorphous hydride

Fig. 6shows XRD patterns of (a) the Dy hydride (denoted
by H) prepared by hydrogenation of Dy and subsequently
heated to above the peaks of TDS and of (b) a mixture of
α-Fe + Dy hydride (denoted by P) and subsequently heated
to above the peaks of TDS. The hydrogen content (H/Dy) for
these samples is shown in this figure. The XRD pattern of the
Dy hydride (H) is indexed on the basis of HoH3-type DyH3.
The XRD patterns of this sample heated to above the first
peak (to 973 K) and to above the second peak (to 1773 K)
of TDS are indexed on the basis of CaF2-type DyH2 and
pure Dy, respectively. Consequently, the first and the second
peak of TDS are due to the transformation from HoH3-type
DyH3 to CaF2-type DyH2 and from CaF2-type DyH2 to pure
Dy, respectively. On the contrary, the XRD pattern of the
D first
p ases
f ted
ecause the increment of the hydrogen pressure usual
ances the diffusion of hydrogen. Thus, it is considered

he precipitation of BiF3-type RH3 is controlled by the diffu
ion of Fe that does not interact with hydrogen. In the w
ublished on CeFe2Hx [18] and ErFe2Hx [19], the author
ad attributed the respective PDSC peaks to the prec

ion and the decomposition of Ce(Er)H2 and not to that o
e(Er)H3. Now, in the present work, the authors interp

he corresponding peaks as due to the (cubic BiF3-type) tri
ydride DyH3 on the basis of the hydrogen content. In
revious papers, the authors were misled in their interp

ions, because they did not consider the hydrogen conte
he hydrides. By reconsideration of it, the authors attri
he respective PDSC peaks to the precipitation and th
omposition of Ce(Er)H3.

.2. Structural changes on dehydrogenation

Fig. 5 shows TDS for the samples: (1)c-DyFe2H4.4, (2)
-DyFe2H3.4, (3) a-Dy1−yFe2Hx + DyH3, (4) α-Fe + DyH3
nd (5) HoH3 -type DyH3 prepared by hydrogenation of D
DS for c-DyFe2H4.4 shows sharp and overlapping pe

n the range 500–650 K, which indicates that all of the
rogen is desorbed from this sample in the crystalline s
n the other hand, TDS fora-DyFe2H3.4 shows a small an
harp peak, at around 500 K, which is gradually weak
ith increasing temperature. This peak indicates that s
f hydrogen ina-DyFe2H3.4 is trapped in sites similar

hose ofc-DyFe2H4.4. The spectrum between 600 and 80
the shadowed part) implies that some of hydrogen atom
y hydride (P) does not change on heating to above the
eak of TDS (to 973 K). Since the hydrogen content decre

rom 3.21 to 2.25 (H/Dy), the Dy hydride (P) and the hea
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Fig. 6. XRD patterns of (a) Dy hydride prepared by hydrogenation (1) and
subsequently heated to 973 K (2), and 1773 K (3) in the hydrogen analyzer
and of (b) a mixture ofα-Fe + DyH3(4) prepared by hydrogenation of the
amorphous alloy and subsequently heated to 973 K (5) and to 1373 K (6).

samples are considered to be BiF3-type DyH3 and CaF2-type
DyH2, respectively. That is, the first and the second peak in
TDS are due to the transformation from BiF3-type DyH3 to
CaF2-type DyH2 and that from CaF2-type DyH2 to pure Dy,
respectively.

Next, we discuss why HoH3-type DyH3 is not formed,
but BiF3-type DyH3 is formed by the precipitation and by
the decomposition ofa-DyFe2Hx. When CaF2-type DyH2
transforms into HoH3-type DyH3 by hydrogen absorption,
large structural changes of the host metal Dy must occur.
On the contrary, CaF2-type DyH2 transforms into BiF3-
type DyH3 without a change in the crystal structure.
CaF2-type DyH2 precipitated ina-DyFe2Hx is surrounded
by the amorphous hydride, so that its transformation into

HoH3-type DyH3 is hindered by it. Consequently, BiH3-
type DyH3 may be formed by the precipitation in the amor-
phous hydride and the decomposition of the amorphous
hydride.

3.4. The mechanism of hydrogen-induced amorphization
(HIA) in C15 Laves RFe2

We discuss the mechanism of HIA in DyFe2 on the basis
of the pressure dependence of structural changes. At 0.28Tm,
where no substantial diffusion of the metallic atoms occurs,
hydrogen is absorbed formingc-DyFe2Hx without structural
change. Whenc-DyFe2Hx is heated to above the second
exothermic peak (to 583 K), i.e., to about 0.36Tm, where
both Dy and Fe atoms can move over a short-range distance,
HIA occurs so as to reduce the enthalpy. The driving force
for HIA in C15 Laves phases RFe2 is considered to be the
enthalpy difference resulting from the different hydrogen oc-
cupation sites.

The nearest neighbor coordination numbers of Fe and Tb
atoms around the D atom, ND-Fe, and ND-Tb, calculated from
the area under the Gaussian peaks in the RDF(r)s, together
with the interatomic distance, r1, for the Fe-D and Tb-D pair
correlations, have been reported by us[21]. ND-Fe and ND-Tb
for c-TbFe2D3.8 are nearly 2 and the total number of them is
4, which indicates that the D atoms occupy tetrahedral sites
c xist,
i
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Table 1
Nearest neighbor coordination number,Nii−j , and interatomic distances,r1, in c-TbF ed
by neutron diffraction

D-Fe D

ND-Fe (atoms) r1 (nm) N )

c-TbFe2D3.8 2.05 0.172
a-TbFe2D3.0 0.98 0.173
a-TbFe2D2.0 0.62 0.172
onsisting of 2Fe + 2Tb. Three kinds of tetrahedral sites e
.e. 2R + 2Fe, 1R + 3Fe and 4Fe in the C15 Laves phases[22].
able 1clearly shows that only 2R + 2Fe site is occupied
he D atoms. In contrast, it has been predicted that five k
f tetrahedral sites exist, 4R, 3R + 1Fe, 2R + 2Fe, 1R +
nd 4Fe in the corresponding amorphousa-RFe2. Among

hese sites, D may occupy 4R, 3R + 1Fe, 2R + 2Fe site
ause of the large formation enthalpy of the rare earth m
ydride. The occupation of these sites was confirmed b
eutron diffraction analysis as follows. ND-Fe and ND-Tb for
-TbFe2D3.0 is approximately 1 and 3, respectively, but
otal number of them is still 4. These experimental res
mply that the D atoms do not occupy only 3Tb + 1Fe te
edral sites, but occupy 4Tb, 3Tb + 1Fe, 2Tb + 2Fe site
-TbFe2Dx. The reason is that if they occupy only 3Tb + 1
ites, ND-Fe and ND-Tb for a-TbFe2Dx must be independe
f the D content. However,Table 1shows that ND-Fe and
D-Tb for a-TbFe2Dx is reduced to 0.62 and increased
.3, respectively, by heating ofa-TbFe2H3.0 at 473 K for 1 h

n vacuum. This result indicates that the weakly trappe
toms in 2Tb + 2Fe sites escape on heating. As a result,D-Fe

e2D3.8 anda-TbFe2Dx (x = 3.0, 2.0) calculated from the RDF(r)s observ

-Tb Tb-Tb

D-Tb (atoms) r1 (nm) ND-Fe + ND-Tb (atoms

2.01 0.221 4.06
3.03 0.223 4.01
3.33 0.223 3.95
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for a-TbFe2D2.0 is reduced, but ND-Tb for a-TbFe2D2.0 is in-
creased. That is, D (or H) atoms ina-TbFe2Dx are much more
strongly bound than those in the correspondingc-TbFe2Dx.
When c-TbFe2Dx is heated to the temperature where both
Tb and Fe atoms can move over a short distance, at about
0.36Tm, rearrangements can occur to reduce the total free
energy of the system, which is HIA. BiF3-type DyH3 precip-
itates in the amorphous hydride at about 0.42Tm. As the
hydrogen pressure increases, the diffusion of hydrogen is
generally enhanced which gives rise to a reduction ofTp.
Tp for the precipitation of BiF3-type DyH3 shows positive
(reverse) pressure dependence. Consequently, the precipita-
tion of BiF3-type DyH3 may be controlled by the diffusion of
Fe atoms that do not interact with hydrogen. The decompo-
sition of the remaining amorphous hydride intoα-Fe + DyH3
is controlled by the long-range diffusion of both Fe and Dy
atoms, because it occurs at 0.48Tm where the long-range
diffusion of them becomes generally more active.

The present work demonstrates that HIA in DyFe2 and
ErFe2 occurs above a critical hydrogen pressure. We discuss
the reason why HIA does not occur at low hydrogen pres-
sure. The hydrogen content inc-DyFe2Hx is 1.48, 1.36 and
1.36 (H/M) for 1.0, 0.2 and 0.1 MPa H2, respectively. Since
there is little difference in the hydrogen content, it is con-
sidered that the occurrence of HIA is not determined by the
hydrogen content, but by the hydrogen pressure.T for HIA
s ile tha
f d
p dence
H
i
p
g nd the
p -
t e
T y
s ther
h ntrol
t

4

e C15
L een
0 r-
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H rature

Tp for hydrogen absorption, HIA, and the decomposition of
the amorphous hydride shifted to lower temperatures, but that
for the precipitation of DyH3 shifted slightly to higher tem-
perature. That is, no amorphous hydride is formed at a low
hydrogen pressure. The structural changes of DyFe2 were
similar to that of ErFe2. On the other hand, hydrogen absorp-
tion and HIA occurred simultaneously in CeFe2.The control-
ling factor for HIA in DyFe2 was not the hydrogen content,
but the hydrogen pressure that has a close relation with the
diffusion of metal atoms. The driving force for HIA in C15
Laves phases RFe2 was considered to be the enthalpy dif-
ference resulting from different hydrogen occupation sites as
determined by neutron diffraction.
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