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Abstract

By thermal analysis of DyFe2: (1) hydrogen absorption; (2) hydrogen-induced amorphization (HIA); (3) the precipitation of BiF3-type
DyH3; and (4) the decomposition of the remaining amorphous hydride occur exothermically with increasing temperature at 1.0 MPa H2.Tp/Tm

(the peak temperature/the melting temperature of DyFe2) for hydrogen absorption, HIA, the precipitation of DyH3 and the decomposition of
the amorphous hydride are 0.28, 0.36, 0.43 and 0.48, respectively, which are closely related with kinetics of the transformations. The peak
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emperatureTp for HIA shows a large and negative pressure dependence, but that for the precipitation of DyH3 shows a small and positiv
ne. As a consequence of such pressure dependence, HIA overlaps with the precipitation of DyH3 at 0.2 MPa H2, while the crystalline hydrid
ecomposes directly into�-Fe and DyH3 at 0.1 MPa H2. The activation energyEA for hydrogen absorption, HIA, the precipitation of Dy3
nd the decomposition of the amorphous hydride are calculated to be 56, 75, 308 and 162 kJ/mol Dy, respectively, which are clo
ith the mechanism of HIA. The mechanism of HIA is discussed on the basis of the experimental results.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Amorphous alloys are mainly prepared by rapid quench-
ng of molten alloys. On the other hand, it has been known that
n amorphous hydride is prepared by hydrogenation of inter-
etallic compounds AxB1−x with specific crystal structures

uch as C15, B82, C23, D019 and L12 [1–11], which is called
ydrogen-induced amorphization (HIA). Here, A and B are
hydride forming and a non-hydride forming metal, respec-

ively. Among amorphizing compounds, structural changes in
he C15 Laves compounds RFe2 (R = rare earth metals) are
articularly interesting, because a crystalline and an amor-
hous hydride are formed depending on the hydrogenation

emperature[7]. More recently, it has been reported that HIA
n both TbFe2 and ErFe2 occurs at a given hydrogen pressure
r higher pressures[12–15], but that HIA in CeFe2 does oc-
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cur for every hydrogen pressure[14]. The reason why HIA
occurs above a critical hydrogen pressure is still uncerta
is useful and effective to examine conditions of HIA in or
to make clear the reason why HIA occurs above a critica
drogen pressure, which is closely related with the mecha
of HIA. In the present work, the hydrogen pressure de
dence of structural changes in the C15 Laves phase Dy2 is
investigated using a pressure differential scanning calor
ter (PDSC). Furthermore, the enthalpy change (�H) and the
activation energy (EA) for the thermal reactions are measu
by PDSC. The mechanism of HIA in DyFe2 is discussed o
the basis of the experimental results.

2. Experimental

DyFe2 was prepared using high purity metals, 99.9%
and 99.8% Dy, by arc melting in a purified argon atmosph
The alloy ingot was homogenized at 1073 K for 1 week i
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evacuated quartz tube. After the homogenization, the ingot
was crushed into 100 mesh in acetone to prevent oxidation
and ignition. The powder sample was thermally analyzed us-
ing a pressure differential scanning calorimeter at the rates
of 0.08, 0.17, 0.33 and 0.67 K/s in a hydrogen atmosphere
of 0.1–5.0 MPa. To elucidate the origin of the thermal peaks,
DyFe2 was heated to typical stages in PDSC, followed by
rapid cooling to room temperature. Subsequently, it was sub-
jected to powder X-ray diffraction (XRD) and conventional
DSC (Ar-DSC) heated at a rate of 0.67 K/s in a flowing argon
atmosphere. 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
2 K/s in an argon atmosphere by a hydrogen analyzer. The
enthalpy change�H and the activation energyEA for ther-
mal reactions were calculated from the area of the exother-
mic peaks in the PDSC curves and by the Kissinger method,
respectively.

3. Results

3.1. Structural changes of DyFe2 heated in a hydrogen
atmosphere

s
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Fig. 1. PDSC curves of DyFe2 heated at the rates of 0.08–0.67 K/s and at
the hydrogen pressure of 0.1–5.0 MPa.

3.1.1. Structural changes of DyFe2 heated in 1.0MPa H2
Four exothermic peaks are observed in the PDSC curve of

DyFe2 heated in 1.0 MPa H2. The XRD patterns, TEM pho-
tographs and Ar-DSC curves of the DyFe2 samples heated
to above the respective exothermic peaks are shown in
Figs. 3–5, respectively. The XRD pattern of the original sam-
ple indicates that this alloy consists of the C15 Laves phase
[Fig. 3(1)]. The XRD pattern of the sample heated to above
the first exothermic peak (460 K) shows Bragg peaks indexed
Fig. 1 shows the PDSC curves of DyFe2 heated at rate
f 0.08–0.67 K/s and at a hydrogen pressure of 0.1–5.0
our exothermic peaks are mainly observed in these P
urves, but only three or two ones are also observed de

ng on the hydrogen pressure and the heating rate. Ty
DSC curves and the change of the hydrogen content (
eated at the rate of 0.17 K/s are shown inFig. 2. The broken

ine denotes the base line, while the arrow indicates the
eratures to which the samples were heated and then r
ooled.

Fig. 2. Typical PDSC curves of DyFe2 and the chang
 e hydrogen content (H/M) heated at the rate of 0.17 K/s.
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Fig. 3. XRD patterns of DyFe2 heated to above respective stages of PDSC
at the rate of 0.17 K/s in 1.0 MPa H2. The original sample (1), the sample
heated to above the first peak (460 K) (2), the second peak (583 K) (3), the
third peak (673 K) (4), and the fourth peak (773 K) (5).

on the basis of a rhombohedral structure (R3̄m) [Fig. 3(2)].
Its hydrogen content is 1.48 (H/M). The crystalline image
is observed in the bright field TEM image for this sample
[Fig. 4(a)] and the corresponding selected area diffraction
pattern (SADP) shows a highly strained rhombohedral struc-
ture [Fig. 4(b)]. Furthermore, its Ar-DSC curve does not show
any exothermic peak of crystallization [Fig. 5(1)]. Conse-
quently, the first exothermic peak of PDSC is concluded to
result from the formation of a crystalline hydride, i.e. crys-
talline c-DyFe2 changes to c-DyFe2H4.4 at peak I. The Bragg
peaks disappear and are replaced by a broad maximum in the
sample heated to above the second exothermic peak (583 K)
[Fig. 3(3)]. The hydrogen content of this sample is reduced
to 1.13 (H/M). The bright field TEM image for this sample is
featureless [Fig. 4(c)] and its SADP shows a broad halo char-
acteristic of the amorphous state [Fig. 4(d)]. Furthermore, its
Ar-DSC curve shows an exothermic peak of crystallization at
around 900 K [Fig. 5(2)]. These experimental results imply
that the sample heated to above the second exothermic peak
of PDSC is amorphous. Consequently, the second exothermic
peak of the PDSC curve results from the transformation from
c-DyFe2H4.4 to a-DyFe2H3.4, i.e. hydrogen-induced amor-
phization. Broad and weak Bragg peaks of BiF3-type DyH3
appear overlapped with a broad maximum in the sample
heated to above the third exothermic peak (673 K) [Fig. 3(4)].
C atrix
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Fig. 4. Bright field images (a, c, e, g) and selected area diffraction patterns
(b, d, f, h) of DyFe2 heated to above respective stages of PDSC at a rate of
0.17 K/s in 1.0 MPa H2. The sample heated to above the first peak (460 K)
(a and b), the second peak (583 K) (c and d), the third peak (673 K) (e and
f), and the fourth peak (773 K) (g and h).

From these experimental results, we can see that the third
exothermic peak of PDSC results from the precipitation of
BiF3-type DyH3 in the amorphous hydride. The crystal struc-
ture identification of the Dy hydride is discussed in Sections
3.3 and 4.1.

The XRD pattern of the sample heated to above the fourth
exothermic peak (773 K) is indexed on the basis of�-Fe and
BiF3-type DyH3 [Fig. 3(5)]. Dark particles can be observed
in a bright-field TEM image [Fig. 4(g)] for this sample and
its SADP shows the Debye–Scherrer rings indexed on the
rystalline particles are embedded in the amorphous m
n the bright field image of this sample [Fig. 4(e)] and its
ADP shows Debye–Scherrer rings [Fig. 4(f)] of BiF3-type
yH3 overlapped with a broad halo. Furthermore, its Ar-D
urve shows a broad exothermic peak at around 800–9

ndicating survival of the amorphous hydride [Fig. 5(3)].
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Fig. 5. Ar–DSC curves, heated at the rate of 0.67 K/s in an Ar atmosphere, for
DyFe2 after heating to above respective stages of PDSC at a rate of 0.17 K/s
and in 1.0 MPa H2. The sample heated to above the first peak (460 K) (1),
the second peak (583 K) (2), the third peak (673 K) (3), and the fourth peak
(773 K) (4).

basis of�-Fe and BiF3-type DyH3 [Fig. 4(h)]. Furthermore,
its Ar-DSC curve does not show any exothermic peak of
crystallization [Fig. 5(4)]. The hydrogen content of this
sample is 1.08 (H/M), i.e. 3.24 (H/Dy). Consequently,
the fourth exothermic peak of PDSC results from the
decomposition of the remaining amorphous hydride into
�-Fe and BiF3-type DyH3. The reaction sequence of DyFe2
heated in 1.0 MPa H2 is expressed as follows.

c-DyFe2 →
Peak I

c-DyFe2Hx →
Peak II

a-DyFe2Hx

→
Peak III

a-Dy1−yFe2Hx + DyH3 →
Peak IV

α-Fe+ DyH3

The reduced peak temperature (peak temperature/melting
temperature of DyFe2) Tp/Tm for hydrogen absorption, HIA,
the precipitation of BiF3-type DyH3 and the decomposition
of the amorphous hydride are 0.28, 0.36, 0.43 and 0. 48, re-
spectively. These values are closely related with the diffusion
of the metallic atoms as discussed later.

3.1.2. Structural changes of DyFe2 heated in 0.2MPa H2
Three exothermic peaks are observed in the PDSC curve of

DyFe2 heated in 0.2 MPa H2. The XRD patterns and Ar-DSC
curves of the sample heated to above the exothermic peaks of
PDSC are shown inFigs. 6(a) and 7(a), respectively. Com-
p
c e first,
t eated
i
F and
t f a

Fig. 6. XRD patterns of DyFe2 heated to above respective stages of PDSC
at the rate of 0.17 K/s in 0.2 MPa H2 (a) and 0.1 MPa H2 (b). The original
sample (1), the sample heated to above the first peak (483 K) (2), the second
peak (666 K) (3), the third peak (793 K) (4), the first peak (500 K) (5) and
the second peak (714 K) (6).

Fig. 7. Ar-DSC curves, heated at 0.67 K/s in an Ar atmosphere, for DyFe2

after heating to above respective stages of PDSC at the rate of 0.17 K/s and
in 0.2 MPa H2 (a) and 0.1 MPa H2 (b). The sample heated to above the first
peak (483 K) (1), the second peak (666 K) (2), the third peak (793 K) (3),
the first peak (500 K) (4) and the second peak (714 K) (5).
aring Fig. 3 with Fig. 6(a) andFig. 5 with Fig. 7(a), we
an see that the state of the samples heated to above th
he second and the third exothermic peaks of PDSC h
n 0.2 MPa H2 are c-DyFe2Hx, a-DyFe2Hx + DyH3 and�-
e + DyH3, respectively. That is, the first, the second

he third exothermic peaks result from the formation o
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crystalline hydride, simultaneous occurrence of HIA and the
precipitation of BiF3-type DyH3 and the decomposition of
the remaining amorphous hydride into�-Fe and BiF3-type
DyH3, respectively. The hydrogen content of the crystalline
hydride is 1.36 (H/M). No single-phase amorphous hydride
is formed under the present experimental conditions. The re-
action sequence of DyFe2 heated in 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

3.1.3. Structural changes of DyFe2 heated in 0.1MPa H2
Two exothermic peaks are observed in the PDSC curve of

DyFe2 heated in 0.1 MPa H2. The XRD patterns and Ar-DSC
curves of the sample heated to above the exothermic peaks
of PDSC are shown inFigs. 6(b) and 7(b), respectively. The
first exothermic peak is due to the formation of a crystalline
hydride in the same way as the other cases. The hydrogen
content of the crystalline hydride is 1.36 (H/M), which is
same as that of the sample heated in 0.2 MPa H2. The XRD
pattern of the sample heated to above the second exothermic
peak (714 K) is indexed on the basis of�-Fe and BiF3-type
D

M
i other-
m exed
o s
A stal-
l ue to
t
N xper-
i

F peratuTp o mbol
a e). The
s crysta

Fig. 8. TEM bright field image: (a) and SADP; (b) of DyFe2 heated to 714 K
at the rate of 0.17 K/s in 0.1 MPa H2.

in 0.1 MPa is expressed as follows.

c-DyFe2 →
Peak I

c-DyFe2Hx →
Peak II

α-Fe+ DyH3

Thus, all of the first exothermic peaks are due to hydro-
gen absorption in the crystalline state. On the other hand, the
second exothermic peaks result from HIA, HIA+ the precip-
itation of BiF3-type DyH3 and the direct decomposition of
the crystalline hydride into�-Fe + DyH3 with decreasing hy-
drogen pressure. It is worth noticing that HIA occurs only at
0.2 MPa H2 or even higher pressures.

3.2. The relation between the hydrogen pressure and the
peak temperature Tp for thermal reactions

Fig. 9 shows the relation between the hydrogen pressure
and the peak temperaturesTp for the thermal reactions for
two heating rates of 0.17 K/s (the solid symbol and the solid
line) and 0.33 K/s (the open symbol and the broken line).
yH3.
Fig. 8 shows the lattice image in the bright field TE

mage for the sample heated to above the second ex
ic peak and its SADP shows Debye–Scherrer rings ind
n the basis of�-Fe and BiF3-type DyH3. Furthermore, it
r-DSC curve does not show any exothermic peak of cry

ization. Consequently, the second exothermic peak is d
he direct decomposition of c-DyFe2H4.1 into �-Fe + DyH3.
o amorphous hydride is detected under the present e

mental conditions. The reaction sequence of DyFe2 heated

ig. 9. The relation between the hydrogen pressure and the peak tem
nd the solid line) and 0.33 K/s (the open symbol and the broken lin
imultaneously. The pentagrams indicate the direct decomposition of
resf the thermal reactions for two heating rates of 0.17 K/s (the solid sy
solid hexagon denotes that HIA and the precipitation of BiF3-type DyH3 occur

lline hydride.
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Fig. 10. The relation between the hydrogen pressure andTp/Tm for the ther-
mal reactions of DyFe2 heated at the rate of 0.17 K/s. Here,Tm is the melting
point of DyFe2 (K).

The solid hexagon denotes that HIA and the precipitation of
BiF3-type DyH3 occur simultaneously and the pentagrams
indicate the direct decomposition of the crystalline hydride
into �-Fe + DyH3. As the heating rate increases,Tp shifts to
the high temperature side, suggesting the thermally activated
process. We focus on the hydrogen pressure dependence of
Tp heated at the rate of 0.17 K/s. As the hydrogen pressure
increases,Tp for hydrogen absorption, HIA and the decompo-
sition of the remaining amorphous hydride shift to the lower
temperature side, butTp for the precipitation of BiF3-type
DyH3 shifts to the high temperature side. As a consequence
of such pressure dependence, the extrapolated line connect-
ingTp for HIA intersects the extrapolated line connectingTp
for the precipitation of BiF3-type DyH3 at about 640 K and
0.12 MPa H2. It is expected that HIA and the precipitation of
BiF3-type DyH3 occur simultaneously at this point. In fact,
they occur at a slightly higher pressure, i.e. 0.2 MPa, and a
slightly lower temperature, i.e. at 629 K. At the hydrogen
pressure below the intersecting point,Tp for HIA is higher
than that for the precipitation of BiF3-type DyH3, which im-
plies that the amorphous hydride is unstable. Then, the crys-
talline hydride decomposes directly into�-Fe and BiF3-type
DyH3 at 0.1 MPa H2 without the formation of an amorphous
hydride.

Fig. 10 shows the relation between the hydrogen pres-
s
( -
s d
w
H
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d 43
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p
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Fig. 11. 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) �-Fe + DyH3; and (5) for Dy hydride prepared
by hydrogenation of pure Dy at room temperature in 5 MPa H2 for 86 K/s.

3.3. Thermal desorption spectrum (TDS) of hydrogen
and the crystal structure of Dy hydride precipitated in
the amorphous hydride

Fig. 11shows TDS, heated at a rate of 2 K/s using a hy-
drogen analyzer in an argon atmosphere, for the samples: (1)
c-DyFe2H4.4; (2) a-DyFe2H3.4; (3) a-Dy1−yFe2Hx + DyH3;
(4) �-Fe + DyH3, which were prepared by thermal analysis
of DyFe2 in 1.0 MPa H2. TDS for (5) the Dy hydride pre-
pared by hydrogenation of pure Dy at room temperature in
5 MPa H2 for 86 k/s is also shown in this figure. The bro-
ken line denotes the base line of TDS. TDS for c-DyFe2H4.4
shows sharp and overlapping peaks at around 500–650 K,
which indicates that all of the hydrogen is desorbed from
the crystalline hydride and no DyH3 is formed. On the other
hand, TDS for a-DyFe2H3.4 shows a small and sharp peak, at
around 500 K, which is gradually weakened with increasing
temperature. The small and sharp peak, which is in nearly the
same position as the peak of the crystalline hydride, indicates
that some of hydrogen in the amorphous hydride is trapped
in sites similar to those of the crystalline hydride. The spectra
between about 600 and about 800 K (the shadowed part) im-
plies that some of hydrogen atoms are trapped more tightly
than those in the crystalline hydride, which is closely related
with the driving force of HIA. TDS for this sample shows a
b ogen
d or
a
b oth
p

ure andTp/Tm for the thermal reactions of DyFe2. Here,Tm
K) is the melting point of DyFe2. Tp/Tm for hydrogen ab
orption is about 0.3 at 0.2 MPa H2 and is slightly reduce
ith increasing pressure.Tp/Tm for HIA is 0.38 at 0.5 MPa
2 and is rapidly reduced to 0.33 at 5.0 MPa H2. Tp/Tm for

he precipitation of BiF3-type DyH3 in the amorphous hy
ride is 0.42 at 0.2 MPa H2 and is slightly increased to 0.
t 5.0 MPa H2. On the other hand,Tp/Tm for the decom
osition of the remaining amorphous hydride into�-Fe +
yH3 is about 0.5 and is slightly reduced with increas
ressure. The pressure dependence ofTp/Tm for the precipi-

ation of BiF3-type DyH3 is very strange, because an incre
ng hydrogen pressure usually enhances the diffusion
nd Dy.
road peak at about 1100–1300 K, which are due to hydr
esorption from CaF2-type DyH2 as discussed later. TDS f
-Dy1−yFe2Hx + DyH3 is similar to that for a-DyFe2H3.3
ecause of the similarity of chemical compositions of b
hases.
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Fig. 12. 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 of�-Fe + DyH3 (4) prepared by hydrogenation of the
amorphous alloy and subsequently heated to 773 K (5) and to 1373 K (6).

Next, we compare TDS for a mixture of�-Fe + Dy hy-
dride prepared by the decomposition of the amorphous hy-
dride with that for the Dy hydride prepared by hydrogena-
tion at room temperature in 5 MPa H2 for 86 k/s. TDS for the
former sample shows broad peaks at around 500–700 and
1000–1300 K, while the later one shows a sharp and large
peak at around 600–750 K and a broad and large peak at
around 1100–1400 K.

Fig. 12shows the XRD patterns of (a) the Dy hydride pre-
pared by hydrogenation of pure Dy and subsequent heating
to above the peaks of TDS and of (b) a mixture of�-Fe +
Dy hydride prepared by thermal analysis of DyFe2 and sub-
sequent heating to above the peaks of TDS. The hydrogen
content (H/Dy) for these samples is also shown in this figure.
The XRD pattern of the Dy hydride prepared by hydrogena-
tion of pure Dy is indexed on the basis of HoH3-type DyH3.
The XRD patterns of this sample after heating to above the
first peak (973 K) and to above the second peak (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 is due to the transformation from HoH3-type DyH3
to CaF2-type DyH2 and from CaF2-type DyH2 to pure Dy,
respectively.

The XRD pattern of a mixture of�-Fe + the Dy hydride
prepared by thermal analysis does not substantially change
b ugh

Fig. 13. An example of the Kissinger plot for thermal reactions of DyFe2

heated in 1.0 MPa H2.

the Bragg peaks of the Dy hydride for the former sample are
slightly broadened. However, the hydrogen content decreases
from 3.21 to 2.25 (H/Dy). Consequently, the Dy hydride for
the former and the latter sample are concluded to be BiF3-type
DyH3 and CaF2-type DyH2, respectively. The XRD pattern of
the sample heated to above the second peak of TDS is indexed
on the basis of C15 Laves phase DyFe2. Consequently, the
first and the second peak in TDS of a mixture sample of�-Fe
and the Dy hydride are due to the transformation from BiF3-
type DyH3 to CaF2-type DyH2 and the transformation from
CaF2-type DyH2 to pure Dy, respectively. The Dy atoms react
with �-Fe by the solid state reaction, which gives rise to the
formation of the C15 Laves DyFe2.

3.4. The enthalpy change�H and the activation energy
EA for the thermal reactions related with hydrogen

The activation energyEA for the thermal reactions of
DyFe2 heated in a hydrogen atmosphere of 1.0 MPa is eval-
uated by the Kissinger’s peak shift method. The method in-
cludes the application of the next equation.

ln (C/T 2
p ) = −(EA/RTp) + A (1)

whereC is the heating rate,Tp the peak temperature,EA the
activation energy,R the gas constant, andA is a constant.
F mal
r f
t d
s r
h l
r
t

t a H
i
o to
y heating to above the first peak of TDS (973 K), altho
ig. 13shows an example of a Kissinger plot for the ther
eactions of DyFe2 heated in 1.0 MPa H2. From the slope o
his straight line, the activation energyEA is calculated an
hown together with the other data inTable 1. On the othe
and, the value of the enthalpy change�H for the therma
eactions of DyFe2 heated in 1.0 MPa H2 is calculated from
he area of exothermic peaks of PDSC and shown inTable 1.

Fig. 14shows a schematic illustration of�H andEA for
he thermal reactions, heated in: (a) 1.0; and (b) 0.1 MP2
n reaction sequence, in addition to�H for the formation
f DyFe2. Here,�H for hydrogen desorption is plotted
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Table 1
The activation energyEA and the enthalpy change�H of hydrogen absorption, HIA, the precipitation of DyH3 and the decomposition of the amorphous hydride
for DyFe2 heated in 1.0 and 0.1 MPa H2

Absorption of H2 Desorption of H2 HIA Precipitation of DyH3 Decomposition

DyFe2 in 1.0 MPa
Enthalpy change (kJ/mol Dy) −53 +6 −27 −7 −9
Activation energy (kJ/mol Dy) 56 75 308 162

DyFe2 in 0.1 MPa
Enthalpy change (kJ/mol Dy) −37 +27 −73
Activation energy (kJ/mol Dy) 62 80

the upper direction, because hydrogen desorption occurs en-
dothermically. We can see thatEA for all reactions takes a
larger absolute value than that of�H when DyFe2 is heated
in 1.0 MPa H2. The activation energyEA for hydrogen ab-
sorption, HIA, the precipitation of BiF3-type DyH3 and the
decomposition of the amorphous hydride are calculated to

F
q

be 56, 75, 308 and 162 kJ/mol Dy, respectively, which are
closely related with the mechanism of HIA.

According to Hess’s Law,�H for a reaction is indepen-
dent of the reaction route. The final products of DyFe2 heated
in 1.0 and 0.1 MPa H2 are�-Fe + DyH3. Therefore, the to-
tal value of�H should be equal to that for the formation
of DyH3. A physical mixture of Dy, 2Fe, 3H2/2 is the start-
ing point of each reaction and∆H is 0 here. The formation
enthalpy�Hf of DyFe2 is calculated to be−9 kJ/mol Dy
by the Miedema model[16]. Similarly, the formation en-
thalpy �Hf of DyH2 and DyH3 are calculated to be−220
and−138 kJ/mol Dy, respectively. The sums of�H for the
thermal reactions of DyFe2 heated in 1.0 and 0.1 MPa H2
are−99 and−92 kJ/mol Dy, respectively. Thus, the sum of
�H for all thermal reactions in the Dy–Fe–H2 system is in
good agreement with�Hf (−138 kJ/mol Dy) of DyH3. The
enthalpy consideration supports the formation of BiF3-type
DyH3 instead of the formation of CaF2-type DyH2.

4. Discussion

4.1. The crystal structure of Dy hydride precipitated in
the amorphous phase

n a-
D of
c
a en
c uld
b ride
ig. 14. The value of�H andEA for thermal reactions in the reaction se-
uence of DyFe2 heated in 1.0 (a) and 0.1 MPa H2 (b).

p wn,
C et-
a
R et-
a etals
R -
p
B R
a aF
t cube
c If the
H edral
o of
R the
The crystal structure of the Dy hydride precipitated i
yFe2Hx and of that formed by the direct decomposition
-DyFe2Hx seems at the first glance to be CaF2-type DyH2
s shown inFigs. 3 and 6(a and b). However, the hydrog
ontent of them is 3.2 (H/Dy), so that this hydride sho
e DyH3. We discuss the crystal structure of the Dy hyd
recipitated in the amorphous hydride. As it is well kno
aF2-type RH2 is formed by hydrogenation of rare earth m
ls R[17]. On the other hand, BiF3-type RH3 and HoH3-type
H3 are formed by hydrogenation of the light rare earth m
ls R (La, Ce, Pr and Nd) and of the heavy rare earth m
(Sm, Gd, Dy, Ho and so on)[18], respectively. It is im

ossible to distinguish between CaF2-type hydride RH2 and
iF3-type hydride RH3 by XRD experiments, because the
toms occupy the same sites in the fcc-type lattice. In C2-

ype RH2, the R atoms occupy both face centered and
orner sites, and the H atoms occupy tetrahedral sites.
atoms occupy octahedral sites in addition to the tetrah

nes, then this is BiF3-type RH3. The occupation number
in the unit cell of the fcc-type lattice is 4, while that of
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tetrahedral and the octahedral sites are 8 and 4, respectively,
so that the formula of BiF3-type hydride is expressed as RH3.

Next, we discuss why HoH3-type DyH3 is not formed,
but BiF3-type DyH3 is formed by the precipitation and by
the decomposition of the amorphous hydride. When CaF2-
type DyH2 transforms into HoH3-type DyH3, 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 of the host metal Dy. CaF2-
type DyH2 precipitated in a-DyFe2Hx is surrounded by the
amorphous phase, so that its transformation into HoH3-type
DyH3 is hindered by the amorphous hydride. Consequently,
BiF3-type DyH3 is formed by the precipitation in the amor-
phous hydride and by the decomposition of the remaining
amorphous hydride.

4.2. The mechanism of hydrogen-induced amorphization

The PDSC curve of DyFe2 heated in 1.0 MPa H2 shows
four exothermic peaks due to: (1) the formation of the crys-
talline hydride; (2) hydrogen-induced amorphization; (3) the
precipitation of BiF3-type DyH3; and (4) the decomposition
of the remaining amorphous hydride. On the other hand,
the curve of the sample heated in 0.2 MPa H2 shows three
exothermic peaks due to: (1) the formation of the crystalline
h pre-
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hydrogen atoms can stay more stable in the amorphous hy-
dride. The small and sharp peak of TDS at around 500 K
for a-DyFe2Hx may correspond to hydrogen desorption from
2Dy + 2Fe and Dy + 3Fe tetrahedral sites. The tailed peak at
the higher temperature side of TDS for a-DyFe2Hx (a shaded
part) may correspond to hydrogen desorption from 4Dy and
3Dy + 1Fe tetrahedral sites. As the hydrogen pressure in-
creases, the peak temperatureTp for HIA shifts to the lower
temperature side, indicating that H2 enhances the short-range
diffusion of Dy and Fe atoms. BiF3-type DyH3 precipitates
in the amorphous hydride at about 0.42Tm. As the hydrogen
pressure increases,Tp for the precipitation of BiF3-type DyH3
becomes high and shows positive (reverse) pressure depen-
dence. As the hydrogen pressure increases, the diffusion of
Dy and hydrogen is generally enhanced which gives rise to a
reduction ofTp. Consequently, the precipitation of BiF3-type
DyH3 may be not controlled by the diffusions of Dy and H2,
but by Fe atoms which do not interact with hydrogen. The
decomposition of the remaining amorphous hydride into�-
Fe + DyH3 is controlled by the long-range diffusion of both
Fe and Dy atoms, because it occurs at about 0.5Tm where the
long-range diffusion of them become generally more active.

The present work demonstrates that HIA in DyFe2 occurs
above a critical hydrogen pressure and below a critical heating
rate as shown inFigs. 1 and 2. We discuss the reason why HIA
d con-
t for
h .
S t, it
i ined
b gen
p g
a at for
t s-
i ence,
H
i lline
h
i nce of
H -
t ccur
i
c ms.
O hich
a

5

e C15
L was
i en
a ption
i
D ous
h t
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ipitation; and (3) the decomposition of the amorphous
ride. Furthermore, the curve of the sample heated in 0.1
2 shows only two exothermic peaks due to (1) the for

ion of the crystalline hydride and the direct decomposi
f it into �-Fe + DyH3. Thus, the thermal reactions of DyF2
eated in H2 depend on the hydrogen pressure. We discus
echanism of HIA in the C15 Laves phase DyFe2 from the

tandpoint of the pressure dependence of structural cha
hermal reactions related with hydrogen are controlled b
inetic and thermodynamic factors. At about 0.3Tm, where
he diffusion of the metallic atoms does not substantially
ur, hydrogen is absorbed forming the crystalline hydrid
yFe2Hx without a change in the crystal structure, altho
distortion of the crystal lattice occurs. When c-DyFe2Hx is
eated to above the second exothermic peak (583 K), i
bout 0.36Tm, where both Dy and Fe atoms can move ov
hort-range distance, the transformation from the crysta
o the amorphous hydride, i.e. HIA occurs so as to re
he enthalpy. The driving force for HIA is considered to
he enthalpy difference resulting from the different hyd
en occupation sites. Hydrogen atoms in c-DyFe2Hx occupy

etrahedral sites surrounded by 2Dy + 2Fe and Dy + 3F
he geometric constraint[19]. The overlapped peak of TD
or c-DyFe2Hx may correspond to hydrogen desorption fr
hese 2Dy + 2Fe and Dy + 3Fe tetrahedral sites. On the
and, hydrogen atoms in the amorphous hydride can oc

etrahedral sites surrounded 4Dy and 3Dy + 1Fe in additi
Dy + 2Fe and Dy + 3Fe[20], because there is no geome
onstraint for the structure. Since the formation enthalp
he Dy hydride is more negative than that of the Fe hyd
.

oes not occur at low hydrogen pressure. The hydrogen
ent in the crystalline hydride is 1.48, 1.36 and 1.36 (H/M)
ydrogen pressures of 1.0, 0.2 and 0.1 MPa H2, respectively
ince there is a little difference in the hydrogen conten

s considered that the occurrence of HIA is not determ
y the value of the hydrogen content, but by the hydro
ressure. As shown inFig. 9, Tp for HIA shows a stron
nd negative hydrogen pressure dependence, while th

he precipitation of BiF3-type DyH3 shows a weak and po
tive one. As a consequence of such pressure depend
IA overlaps with the precipitation of BiF3-type DyH3 in

ntermediate hydrogen pressure region, while the crysta
ydride decomposes directly into�-Fe and BiF3-type DyH3

n low hydrogen pressure. Thus, the pressure depende
IA and the precipitation of BiF3-type DyH3 play an impor

ant role in determining whether HIA occurs or does not o
n DyFe2. The pressure dependence ofTp for HIA may be
ontrolled by short-range diffusion of the Dy and Fe ato
n the other hand, it is a future subject to determine w
toms control the precipitation of BiF3-type DyH3.

. Summary and conclusion

The pressure dependence of structural changes in th
aves phase DyFe2 heated in a hydrogen atmosphere

nvestigated by PDSC, XRD, Ar-DSC, TEM and hydrog
nalyzer. Four exothermic reactions, i.e. hydrogen absor

n the crystalline state, HIA, the precipitation of BiF3-type
yH3 and the decomposition of the remaining amorph
ydride occurred sequentially when DyFe2 was heated a
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0.5 MPa H2 and higher pressures. The second exothermic
peak occurs as a result of HIA, the simultaneous occurrence
of HIA and the precipitation of DyH3, and the direct de-
composition of amorphous hydride into DyH3 + �-Fe with
decreasing hydrogen pressure. It is the first time that BiF3-
type DyH3 has been found to precipitate in an amorphous
hydride, because the transformation from CaF2-type DyH2
into HoH3-type is restrained by the surrounding amorphous
hydride. As the hydrogen pressure increases, the peak temper-
ature of hydrogen absorption, HIA and the decomposition of
the remaining amorphous hydride shift to the lower temper-
ature side, but that of precipitation of BiF3-type DyH3 shifts
slightly to higher temperature side. It is worth noticing that no
amorphous hydride is formed at a low hydrogen pressure and
at a high heating rate. Furthermore, there is no clear differ-
ence in the hydrogen content for the crystalline hydride, when
the samples were heated to above the first exothermic peak
in 0.1, 0.2 and 1.0 MPa H2. From these experiment results,
we conclude that the controlling factor for HIA in DyFe2 is
not the hydrogen content, but the hydrogen pressure which
has a close relation with the diffusion of metal atoms.
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