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Abstract

By thermal analysis of Dyke (1) hydrogen absorption; (2) hydrogen-induced amorphization (HIA); (3) the precipitation ¢ftygie
DyHjs; and (4) the decomposition of the remaining amorphous hydride occur exothermically with increasing temperature at 2.GMRa H
(the peak temperature/the melting temperature of Dyfee hydrogen absorption, HIA, the precipitation of Dykind 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
temperaturdl, for HIA shows a large and negative pressure dependence, but that for the precipitationzoétiayk$ a small and positive
one. As a consequence of such pressure dependence, HIA overlaps with the precipitatiop af @gWPa H, while the crystalline hydride
decomposes directly int@-Fe and DyH at 0.1 MPa H. The activation energi, for hydrogen absorption, HIA, the precipitation of DyH
and the decomposition of the amorphous hydride are calculated to be 56, 75, 308 and 162 kJ/mol Dy, respectively, which are closely related
with 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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1. Introduction cur for every hydrogen pressuf#4]. The reason why HIA
occurs above a critical hydrogen pressure is still uncertain. It
Amorphous alloys are mainly prepared by rapid quench- is useful and effective to examine conditions of HIA in order
ing of molten alloys. On the other hand, it has been known that to make clear the reason why HIA occurs above a critical hy-
an amorphous hydride is prepared by hydrogenation of inter- drogen pressure, which is closely related with the mechanism
metallic compounds /1, with specific crystal structures  of HIA. In the present work, the hydrogen pressure depen-
suchas C15, B8 C23,DQgand L1 [1-11] whichiis called dence of structural changes in the C15 Laves phase DgFe
hydrogen-induced amorphization (HIA). Here, A and B are investigated using a pressure differential scanning calorime-
a hydride forming and a non-hydride forming metal, respec- ter (PDSC). Furthermore, the enthalpy changel} and the
tively. Among amorphizing compounds, structural changesin activation energy ) for the thermal reactions are measured
the C15 Laves compounds RF@R = rare earth metals) are by PDSC. The mechanism of HIA in DyfFés discussed on
particularly interesting, because a crystalline and an amor-the basis of the experimental results.
phous hydride are formed depending on the hydrogenation
temperaturé?]. More recently, it has been reported that HIA
in both TbFe and ErFe occurs at a given hydrogen pressure 2. Experimental
or higher pressurgd 2—15] but that HIA in CeFe does oc-
DyFe, was prepared using high purity metals, 99.9% Fe
* Corresponding author. Tel.: + 81-157-26-9452; fax: + 81-157-26-9452. and 99.8% Dy, by arc melting in a purified argon atmosphere.
E-mail addressaokiky@mail.kitami-it.ac.jp (K. Aoki). The alloy ingot was homogenized at 1073 K for 1 week in an
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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,
DyFe, 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 arate 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
2K/s in an argon atmosphere by a hydrogen analyzer. The
enthalpy chang@H and the activation enerdyp for ther-

mal reactions were calculated from the area of the exother-
mic peaks in the PDSC curves and by the Kissinger method,
respectively.

---- 0.08K/s ---0.33K/s
—0.17K/s e 0.67K/s

Exothermic (a. u.) —

3. Results 300 400 500 600 700 800
Temperature, 7/K
3.1. Structural changes of Dypteated in a hydrogen
atmosphere Fig. 1. PDSC curves of Dykéeheated at the rates of 0.08-0.67 K/s and at
the hydrogen pressure of 0.1-5.0 MPa.
Fig. 1 shows the PDSC curves of Dyf-beated at rates
0f 0.08-0.67 K/s and at a hydrogen pressure of 0.1-5.0 MPa.3.1.1. Structural changes of Dyfhaeated in 1.0 MPa K
Four exothermic peaks are mainly observed in these PDSC Four exothermic peaks are observed in the PDSC curve of
curves, but only three or two ones are also observed dependDyFe, heated in 1.0 MPa 5 The XRD patterns, TEM pho-
ing on the hydrogen pressure and the heating rate. Typicaltographs and Ar-DSC curves of the DyFgamples heated
PDSC curves and the change of the hydrogen content (H/M)to above the respective exothermic peaks are shown in
heated at the rate of 0.17 K/s are showfig. 2. The broken Figs. 3—5respectively. The XRD pattern of the original sam-
line denotes the base line, while the arrow indicates the tem-ple indicates that this alloy consists of the C15 Laves phase
peratures to which the samples were heated and then rapidlyfFig. 3(1)]. The XRD pattern of the sample heated to above

cooled. the first exothermic peak (460 K) shows Bragg peaks indexed
"~ & 1.0MPaH, 115
/ p\,é¢s~ O 0.2MPa H2 )

A 0.IMPaT, -

Exothermic (a. u.) —
Hydrogen Content, x(H/M)

300 400 500 600 700 800
Temperature, 7/K

Fig. 2. Typical PDSC curves of Dyk@nd the change in the hydrogen content (H/M) heated at the rate of 0.17 K/s.
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at the rate of 0.17 K/s in 1.0 MPazHThe original sample (1), the sample &

hgated to above the first peak (460 K) (2), the second peak (583K) (3), the .e — 11 lDyH‘ + Amo.

third peak (673 K) (4), and the fourth peak (773 K) (5). i '

on the basis of a rhombohedral structursr() [Fig. 3(2)].

Its hydrogen content is 1.48 (H/M). The crystalline image 220pyh,

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 3Mpey,

any exothermic peak of crystallizatiofrifj. 51)]. Conse- 104, g

quently, the first exothermic peak of PDSC is concluded to | Hlpyh,

result from the formation of a crystalline hydride, i.e. crys-

talline c-DyFe changes to c-DyFR#, 4 at peak |. The Bragg

peaks disappear and are replaced by a broad maximum in th 200p, 1y

sample heated to above the second exothermic peak (583 K): 2204,

[Fig. 3(3)]. The hydrogen content of this sample is reduced 21
o-re

to 1.13 (H/M). The bright field TEM image for this sample is

featurelessifig. 4(c)] and its SADP shows a broad halo char- Fig. 4. Bright field images (a, c, e, g) and selected area diffraction patterns
acteristic of the amorphous Sta@d.’ Ad)l- Furthermo.re’ !ts (b?d, f, h) gc’Jf DyFe heagted to’at;O\;egrespective stages of PDSC at a? rate of
Ar-DSC curve shows an exothermic peak of crystallization at 0.17K/s in 1.0 MPa K. The sample heated to above the first peak (460 K)
around 900 K Fig. 5(2)]. These experimental results imply  (a and b), the second peak (583K) (c and d), the third peak (673 K) (e and
that the sample heated to above the second exothermic peaRg, and the fourth peak (773K) (g and h).

of PDSC is amorphous. Consequently, the second exothermic

peak of the PDSC curve results from the transformation from

c-DyFeHs.4 to a-DyFeHs4, i.e. hydrogen-induced amor-  From these experimental results, we can see that the third
phization. Broad and weak Bragg peaks of Bilfpe DyH; exothermic peak of PDSC results from the precipitation of
appear overlapped with a broad maximum in the sample BiF3-type DyH; in the amorphous hydride. The crystal struc-

heated to above the third exothermic peak (67343 {3(4)]. ture identification of the Dy hydride is discussed in Sections
Crystalline particles are embedded in the amorphous matrix3.3 and 4.1.
in the bright field image of this samplé&ip. 4(e)] and its The XRD pattern of the sample heated to above the fourth

SADP shows Debye—Scherrer rindgsd. 4(f)] of BiF 3-type exothermic peak (773 K) is indexed on the basie-dfe and
DyH3 overlapped with abroad halo. Furthermore, its Ar-DSC  BiFz-type DyHs [Fig. 3(5)]. Dark particles can be observed
curve shows a broad exothermic peak at around 800-900 K,in a bright-field TEM imagefig. 4(g)] for this sample and
indicating survival of the amorphous hydridEig. X3)]. its SADP shows the Debye—Scherrer rings indexed on the
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Fig.5. Ar-DSC curves, heated atthe rate of 0.67 K/sin an Aratmosphere, for

DyFe after heating to above respective stages of PDSC at a rate of 0.17 K/s 26 (deg))

and in 1.0 MPa K. The sample heated to above the first peak (460K) (1),

the second peak (583 K) (2), the third peak (673 K) (3), and the fourth peak Fig. 6. XRD patterns of DyFeheated to above respective stages of PDSC

(773K) (4). at the rate of 0.17 K/s in 0.2 MPayHa) and 0.1 MPa Hl (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

basis ofa-Fe and Bik-type DyH; [Fig. 4(h)]. Furthermore, the second peak (714K) (6).

its Ar-DSC curve does not show any exothermic peak of
crystallization Fig. 54)]. 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 -7
a-Fe and Bik-type DyHs. The reaction sequence of DyfFe o
heated in 1.0 MPa Hlis expressed as follows.

c-DyF c-DyFeH a-DyFeH
VP& o YR o AR

a-D FeH DyH -Fe+ DyH
peakis Iy 2 »t 0y 3 peak v +Dyhs

The reduced peak temperature (peak temperature/melting
temperature of DyFg Tp/Tr, for hydrogen absorption, HIA,
the precipitation of Bik-type DyH; 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.

Exothermic (a. u.) —

3.1.2. Structural changes of Dyfheated in 0.2 MPa bi

Three exothermic peaks are observed inthe PDSC curve of
DyFe heated in 0.2 MPa  The XRD patterns and Ar-DSC
curves of the sample heated to above the exothermic peaks of P TR TS SRS SR T T
PDSC are shown ifrigs. 6(a) and 7(arespectively. Com- 300400500 600 700 800 900 1000
paring Fig. 3 with Fig. 6a) andFig. 5 with Fig. 7(a), we Temperature, 7/K
can see that the state Qf the sample_s heated to above the first lg. 7. Ar-DSC curves, heated at 0.67 Kfs in an Ar atmosphere, for PyFe
j[he second and the third exothermic peaks of PDSC heate after heating to above ’respective stages of PDSC at the rate ofb.l? K/s and
in 0.2MPa b are c-DyFeH,, a-DyFeH, + DyHs anda- in 0.2 MPa H (a) and 0.1 MPa bi(b). The sample heated to above the first
Fe + DyHs, respectively. That is, the first, the second and peak (483K) (1), the second peak (666 K) (2), the third peak (793K) (3),
the third exothermic peaks result from the formation of a the first peak (500K) (4) and the second peak (714 K) (5).
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crystalline hydride, simultaneous occurrence of HIA and the
precipitation of Bilz-type DyH; and the decomposition of
the remaining amorphous hydride indeFe and Bik-type
DyHs, 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 Dykéeated in 0.2 MPa tlis expressed

as follows.

c-DyFe e c-DyFesz — a-Dy;_ FeH, + DyHs
Peak Il

P_lela Fe+ DyH3
Fig. 8. TEM bright field image: (a) and SADP; (b) of DyHeeated to 714 K

at the rate of 0.17 K/s in 0.1 MPayH

3.1.3. Structural changes of Dyfheated in 0.1 MPa ki
Two exothermic peaks are observed in the PDSC curve of
DyFe, heated in 0.1 MPa # The XRD patterns and Ar-DSC
curves of the sample heated to above the exothermic peaksc-pyFe, s c DyFeH, e Fe+ DyH3
of PDSC are shown ifigs. 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 Thus, all of the first exothermic peaks are due to hydro-
content of the crystalline hydride is 1.36 (H/M), which is 9€n absorption in the crystalline state. On the other hand, the
same as that of the Samp|e heated in 0.2 MBa'"He XRD second exothermic peaks result from HIA, HIA+ the preCip-
pattern of the sample heated to above the second exothermid#tation of BiFs-type DyHs and the direct decomposition of
peak (714 K) is indexed on the basisofe and Bik-type  the crystalline hydride inta-Fe + DyH; with decreasing hy-
DyHs. drogen pressure. It is worth noticing that HIA occurs only at
Fig. 8 shows the lattice image in the bright field TEM 0.2MPa H or even higher pressures.
image for the sample heated to above the second exother-
mic peak and its SADP shows Debye—Scherrer rings indexed3.2. The relation between the hydrogen pressure and the
on the basis ofi-Fe and Bik-type DyHs. Furthermore, its ~ Peak temperatureplfor thermal reactions
Ar-DSC curve does not show any exothermic peak of crystal-
lization. Consequently, the second exothermic peak is due to ~ Fig. 9 shows the relation between the hydrogen pressure

in 0.1 MPa is expressed as follows.

the direct decomposition of c-DyB#4 1 into a-Fe + DyH. and the peak temperatur&g for the thermal reactions for
No amorphous hydride is detected under the present experiWo heating rates of 0.17 K/s (the solid symbol and the solid
imental conditions. The reaction sequence of DyReated  line) and 0.33K/s (the open symbol and the broken line).
10.0
Absorp. of H, HIA Precip. of Decomp. to
< 50} DyH; DyHj+o-Fe
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Fig. 9. The relation between the hydrogen pressure and the peak tempeTgtaféise thermal reactions for two heating rates of 0.17 K/s (the solid symbol
and the solid line) and 0.33K/s (the open symbol and the broken line). The solid hexagon denotes that HIA and the precipitatiepp Bifs occur
simultaneously. The pentagrams indicate the direct decomposition of crystalline hydride.
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mal reactions of DyFgheated at the rate of 0.17 K/s. HeTg, is the melting
point of DyFe (K).

The solid hexagon denotes that HIA and the precipitation of
BiFs-type DyH; occur simultaneously and the pentagrams
indicate the direct decomposition of the crystalline hydride
into a-Fe + DyHs. As the heating rate increasdsg,shifts to
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Fig. 11. TDS, heated at the rate of 2 K/s using a hydrogen analyzer in an

the high temperature side, suggesting the thermally activatedargon atmosphere, for the samples: (1) c-Dyfes; (2) a-DyFeHs.4; (3)
process. We focus on the hydrogen pressure dependence of-Dyi—,FeH, + DyHs; (4) o-Fe + DyHs; and (5) for Dy hydride prepared
Tp heated at the rate of 0.17 K/s. As the hydrogen pressureby hydrogenation of pure Dy at room temperature in 5 MBddt 86 K/s.

increasesTp, for hydrogen absorption, HIA and the decompo-
sition of the remaining amorphous hydride shift to the lower
temperature side, buf, for the precipitation of Bik-type

3.3. Thermal desorption spectrum (TDS) of hydrogen

DyHs shifts to the high temperature side. As a consequenceand the crystal structure of Dy hydride precipitated in
of such pressure dependence, the extrapolated line connectthe amorphous hydride

ing Tp, for HIA intersects the extrapolated line connectirg
for the precipitation of Big-type DyH; at about 640K and
0.12 MPa H. It is expected that HIA and the precipitation of
BiFs-type DyHs occur simultaneously at this point. In fact,

Fig. 11shows TDS, heated at a rate of 2K/s using a hy-
drogen analyzer in an argon atmosphere, for the samples: (1)
c-DyFeHs.4; (2) a-DyFeHz4; (3) a-Dyi— yFeoH, + DyHz;

they occur at a slightly higher pressure, i.e. 0.2MPa, and a(4) a-Fe + DyHs, which were prepared by thermal analysis

slightly lower temperature, i.e. at 629 K. At the hydrogen
pressure below the intersecting poifi, for HIA is higher
than that for the precipitation of Bitype DyHs, which im-

of DyFe, in 1.0 MPa H. TDS for (5) the Dy hydride pre-
pared by hydrogenation of pure Dy at room temperature in
5MPa H for 86 k/s is also shown in this figure. The bro-

plies that the amorphous hydride is unstable. Then, the crys-ken line denotes the base line of TDS. TDS for c-Dyiffgs

talline hydride decomposes directly inteFe and Bik-type
DyHs3 at 0.1 MPa H without the formation of an amorphous
hydride.

Fig. 10 shows the relation between the hydrogen pres-
sure andl,/ Ty, for the thermal reactions of DygeHere, Ty,
(K) is the melting point of DyFg Ty/Tm for hydrogen ab-
sorption is about 0.3 at 0.2 MPatnd is slightly reduced
with increasing pressurd@y/Tn, for HIA is 0.38 at 0.5 MPa
H, and is rapidly reduced to 0.33 at 5.0 MPa. A,/ Tr, for
the precipitation of Big-type DyHs in the amorphous hy-
dride is 0.42 at 0.2 MPa fand is slightly increased to 0.43
at 5.0MPa H. On the other handT,/Ty, for the decom-
position of the remaining amorphous hydride inteFe +
DyHj3 is about 0.5 and is slightly reduced with increasing
pressure. The pressure dependench,tfy, for the precipi-
tation of BiRs-type DyHg is very strange, because anincreas-
ing hydrogen pressure usually enhances the diffusion of H
and Dy.

shows sharp and overlapping peaks at around 500-650K,
which indicates that all of the hydrogen is desorbed from
the crystalline hydride and no DyHs formed. On the other
hand, TDS for a-DyFgH3 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 800K (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
broad peak at about 1100-1300 K, which are due to hydrogen
desorption from Caj~type DyH, as discussed later. TDS for
a-Dy;_ ,FeH, + DyHgz is similar to that for a-DyFgHz 3
because of the similarity of chemical compositions of both
phases.
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the Bragg peaks of the Dy hydride for the former sample are

26 (deg.) 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-Bipe

DyHs3 and Cak-type DyH,, respectively. The XRD pattern of

Fig. 12. XRD patterns of (a) Dy hydride prepared by hydrogenation (1) and the samplelheated to above the second peak of TDS is indexed

subsequently heated to 973K (2), and 1773K (3) in the hydrogen analyzer ON the basis of C15 Laves phase DyF€onsequently, the

and of (b) a mixture ofi-Fe + DyH; (4) prepared by hydrogenation of the ~ first and the second peak in TDS of a mixture sample-6&

amorphous alloy and subsequently heated to 773K (5) and to 1373K (6). and the Dy hydride are due to the transformation fromgBiF

type DyH; to Cak-type DyH, and the transformation from

Next, we compare TDS for a mixture ofFe + Dy hy-  CaF-type Dytbto pure Dy, respectively. The Dy atoms react

dride prepared by the decomposition of the amorphous hy- with cx—_Fe by the solid state reaction, which gives rise to the

dride with that for the Dy hydride prepared by hydrogena- formation of the C15 Laves Dyke

tion at room temperature in 5 MPaHbr 86 k/s. TDS for the o

former sample shows broad peaks at around 500-700 anc-4- The enthalpy changeH and the activation energy

1000-1300 K, while the later one shows a sharp and large Ea for the thermal reactions related with hydrogen

peak at around 600-750K and a broad and large peak at o .

around 1100—1400 K. The activation energ¥a for the thermal reactions of
Fig. 12shows the XRD patterns of (a) the Dy hydride pre- DYFe: heated in a hydrogen atmosphere of 1.0 MPa is eval-

pared by hydrogenation of pure Dy and subsequent heatmguated by the K|§S|n_ger’s peak shift method. The method in-

to above the peaks of TDS and of (b) a mixturecsFe + cludes the application of the next equation.

Dy hydride prgpared by thermal analysis of DyRad sub- In(C/ sz) — —(Ea/RTp) + A 1)

sequent heating to above the peaks of TDS. The hydrogen

content (H/Dy) for these samples is also shown in this figure. whereC is the heating ratel, the peak temperatur&a the

The XRD pattern of the Dy hydride prepared by hydrogena- activation energyR the gas constant, andl is a constant.

tion of pure Dy is indexed on the basis of Hglype DyHs. Fig. 13shows an example of a Kissinger plot for the thermal

The XRD patterns of this sample after heating to above the reactions of DyFgheated in 1.0 MPa # From the slope of

first peak (973 K) and to above the second peak (1773 K) of this straight line, the activation ener@y is calculated and

TDS are indexed on the basis of Gatiype DyH, and pure shown together with the other dataTable 1 On the other

Dy, respectively. Consequently, the first and the second peakhand, the value of the enthalpy charyyél for the thermal

of TDS is due to the transformation from Hetype DyHs reactions of DyFgheated in 1.0 MPa His calculated from

to Cak-type DyH, and from Cak-type DyH, to pure Dy, the area of exothermic peaks of PDSC and showfalie 1

respectively. Fig. 14shows a schematic illustration &fH andEx for
The XRD pattern of a mixture af-Fe + the Dy hydride the thermal reactions, heated in: (a) 1.0; and (b) 0.1 MpPa H

prepared by thermal analysis does not substantially changein reaction sequence, in addition toH for the formation

by heating to above the first peak of TDS (973 K), although of DyFe,. Here, AH for hydrogen desorption is plotted to

e DyH; (HoHj type) w DyH, (CaF; type) v a-Fe
¢ DyH; (BiF; type) = DyFe, O Dy x Dy,04
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Table 1
The activation energla and the enthalpy changeH of hydrogen absorption, HIA, the precipitation of DykEind the decomposition of the amorphous hydride
for DyFe; heated in 1.0 and 0.1 MPgH

Absorption of B Desorption of H HIA Precipitation of DyH; Decomposition
DyFe in 1.0 MPa
Enthalpy change (kJ/mol Dy) —53 +6 —-27 -7 -9
Activation energy (kJ/mol Dy) 56 75 308 162
DyFe 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 enbe 56, 75, 308 and 162 kJ/mol Dy, respectively, which are

dothermically. We can see thBj for all reactions takes a  closely related with the mechanism of HIA.

larger absolute value than that 4H when DyFe is heated According to Hess'’s LawAH for a reaction is indepen-

in 1.0 MPa H. The activation energia for hydrogen ab- dent of the reaction route. The final products of Dykeated

sorption, HIA, the precipitation of Big~type DyH; and the in 1.0 and 0.1 MPa blarea-Fe + DyHs. Therefore, the to-

decomposition of the amorphous hydride are calculated total value of AH should be equal to that for the formation
of DyHs. A physical mixture of Dy, 2Fe, 342 is the start-
ing point of each reaction andH is 0 here. The formation

(kJ/mol Dy) enthalpyAH; of DyFe is calculated to be-9 kJ/mol Dy
240 Precip. of DyH, by the Miedema mod€]16]. Similarly, the formation en-
| TE— thalpy AH; of DyH, and DyHs are calculated to be-220

Activation energy E and—138 kJ/mol Dy, respectively. The sums &H for the
160 | == H, Desorption thermal reactions of Dykeheated in 1.0 and 0.1 MPayH
i are—99 and—92 kJ/mol Dy, respectively. Thus, the sum of
Decomp, AH for all thermal reactions in the Dy—-Fe<Hystem is in
80 good agreement withhH; (—138 kJ/mol Dy) of Dyh. The
i Absotp. of H, enthalpy consideration supports the formation of Biffpe
DyH3 instead of the formation of CaRype DyH,.
0
-40 : . .
' 4. Discussion
R R
I D)FLEH‘L,,D).FQ,,/J\ 4.1. The crystal structure of Dy hydride precipitated in
% - Pty Dy the amorphous phase

(a) Dyl 2Fe YHs  2(0-Fe)

The crystal structure of the Dy hydride precipitated in a-
liinel. loy) DyFeH, and of that formed by the direct decomposition of
= c-DyFeH, seems at the first glance to be Galfpe DyH,

200 ¢ --=-- Enthalpy change AH as shown irFigs. 3 and @ and b). However, the hydrogen
i6E - :“3;‘;?:‘)::5” Ea content of them is 3.2 (H/Dy), so that this hydride should

’ be DyHs. We discuss the crystal structure of the Dy hydride
120 ¢ precipitated in the amorphous hydride. As it is well known,
g0 | — Cak-type RH is formed by hydrogenation of rare earth met-
Absorp. of H, ' als R[17]. On the other hand, Bgtype RH; and Hok-type
40 f

RHs are formed by hydrogenation of the light rare earth met-
als R (La, Ce, Pr and Nd) and of the heavy rare earth metals
R (Sm, Gd, Dy, Ho and so ofl8], respectively. It is im-
possible to distinguish between Gafype hydride RH and
BiFs-type hydride RH by XRD experiments, because the R
atoms occupy the same sites in the fcc-type lattice. Inp,€aF
[ . type RHg_, the R atoms occupy both face centered gnd cube
(b) Dy;hm corner sites, and the H atoms occupy tetrahedral sites. If the
H atoms occupy octahedral sites in addition to the tetrahedral
Fig. 14. The value oAH andEx for thermal reactions in the reaction se- ~ ON€S, then this is B-type RH. The occupation number of
quence of DyFgheated in 1.0 (a) and 0.1 MPa Kb). R in the unit cell of the fcc-type lattice is 4, while that of the

0

40 b

-80 F

-120

DyH,
+
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tetrahedral and the octahedral sites are 8 and 4, respectivelyhydrogen atoms can stay more stable in the amorphous hy-
so that the formula of Bif~type hydride is expressedas RH  dride. The small and sharp peak of TDS at around 500 K

Next, we discuss why Hogdtype DyH; is not formed, for a-DyFeH, may correspond to hydrogen desorption from
but BiFs-type DyHs is formed by the precipitation and by 2Dy + 2Fe and Dy + 3Fe tetrahedral sites. The tailed peak at
the decomposition of the amorphous hydride. Whens£aF the higher temperature side of TDS for a-DyHg (a shaded
type DyH, transforms into Hol-type DyHg, large structural part) may correspond to hydrogen desorption from 4Dy and
changes of the host metal Dy must occur. On the contrary, 3Dy + 1Fe tetrahedral sites. As the hydrogen pressure in-
CaR-type DyH, transforms into Big-type DyH; without a creases, the peak temperatiligefor HIA shifts to the lower
change in the crystal structure of the host metal Dy.££aF temperature side, indicating that Enhances the short-range
type DyH, precipitated in a-DyFgH, is surrounded by the  diffusion of Dy and Fe atoms. B§type DyHs precipitates
amorphous phase, so that its transformation into ktie in the amorphous hydride at about 0&g. As the hydrogen
DyHzs is hindered by the amorphous hydride. Consequently, pressure increasek, for the precipitation of Big-type DyH;
BiFs-type DyH; is formed by the precipitation in the amor- becomes high and shows positive (reverse) pressure depen-
phous hydride and by the decomposition of the remaining dence. As the hydrogen pressure increases, the diffusion of
amorphous hydride. Dy and hydrogen is generally enhanced which gives rise to a

reduction ofT,. Consequently, the precipitation of B{type
4.2. The mechanism of hydrogen-induced amorphization = DyHgz may be not controlled by the diffusions of Dy and,H
but by Fe atoms which do not interact with hydrogen. The

The PDSC curve of DyFeheated in 1.0 MPa pshows decomposition of the remaining amorphous hydride to
four exothermic peaks due to: (1) the formation of the crys- Fe + DyH; is controlled by the long-range diffusion of both
talline hydride; (2) hydrogen-induced amorphization; (3) the Fe and Dy atoms, because it occurs at about@.&here the
precipitation of Bilz-type DyHs; and (4) the decomposition  long-range diffusion of them become generally more active.
of the remaining amorphous hydride. On the other hand, The present work demonstrates that HIA in DyBecurs
the curve of the sample heated in 0.2 MPa dthows three above a critical hydrogen pressure and below a critical heating
exothermic peaks due to: (1) the formation of the crystalline rate as shown iRigs. 1 and 2We discuss the reason why HIA
hydride; (2) the simultaneous occurrence of HIA and the pre- does not occur at low hydrogen pressure. The hydrogen con-
cipitation; and (3) the decomposition of the amorphous hy- tentinthe crystalline hydride is 1.48, 1.36 and 1.36 (H/M) for
dride. Furthermore, the curve of the sample heated in 0.1 MPahydrogen pressures of 1.0, 0.2 and 0.1 MBarEspectively.
H> shows only two exothermic peaks due to (1) the forma- Since there is a little difference in the hydrogen content, it
tion of the crystalline hydride and the direct decomposition is considered that the occurrence of HIA is not determined
of itinto a-Fe + DyHs. Thus, the thermal reactions of Dyl=e by the value of the hydrogen content, but by the hydrogen
heated in H depend on the hydrogen pressure. We discuss thepressure. As shown ifig. 9, T, for HIA shows a strong
mechanism of HIA in the C15 Laves phase Dyfi@m the and negative hydrogen pressure dependence, while that for
standpoint of the pressure dependence of structural changeghe precipitation of Big-type DyH; shows a weak and pos-
Thermal reactions related with hydrogen are controlled by the itive one. As a consequence of such pressure dependence,
kinetic and thermodynamic factors. At about 0.3, where HIA overlaps with the precipitation of Bif-type DyHs in
the diffusion of the metallic atoms does not substantially oc- intermediate hydrogen pressure region, while the crystalline
cur, hydrogen is absorbed forming the crystalline hydride c- hydride decomposes directly inteFe and Bik-type DyH;
DyFeH, without a change in the crystal structure, although in low hydrogen pressure. Thus, the pressure dependence of
a distortion of the crystal lattice occurs. When c-DyHgis HIA and the precipitation of Big-type DyH; play an impor-
heated to above the second exothermic peak (583 K), i.e. totant role in determining whether HIA occurs or does not occur
about 0.36I'm, where both Dy and Fe atoms can move over a in DyFe. The pressure dependenceTgffor HIA may be
short-range distance, the transformation from the crystalline controlled by short-range diffusion of the Dy and Fe atoms.
to the amorphous hydride, i.e. HIA occurs so as to reduce On the other hand, it is a future subject to determine which
the enthalpy. The driving force for HIA is considered to be atoms control the precipitation of Bifype DyHs.
the enthalpy difference resulting from the different hydro-
gen occupation sites. Hydrogen atoms in c-Dyfeoccupy
tetrahedral sites surrounded by 2Dy + 2Fe and Dy + 3Fe by 5. Summary and conclusion
the geometric constraifit9]. The overlapped peak of TDS
for c-DyFeH, may correspond to hydrogen desorption from The pressure dependence of structural changes in the C15
these 2Dy + 2Fe and Dy + 3Fe tetrahedral sites. On the otherLaves phase Dykeheated in a hydrogen atmosphere was
hand, hydrogen atoms in the amorphous hydride can occupyinvestigated by PDSC, XRD, Ar-DSC, TEM and hydrogen
tetrahedral sites surrounded 4Dy and 3Dy + 1Fe in addition to analyzer. Four exothermic reactions, i.e. hydrogen absorption
2Dy + 2Fe and Dy + 3Ff0], because there is no geometric in the crystalline state, HIA, the precipitation of Bitype
constraint for the structure. Since the formation enthalpy of DyH3z and the decomposition of the remaining amorphous
the Dy hydride is more negative than that of the Fe hydride, hydride occurred sequentially when DyFeas heated at
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0.5MPa H and higher pressures. The second exothermic References
peak occurs as a result of HIA, the simultaneous occurrence

of HIA and the precipitation of Dyk, and the direct de-
composition of amorphous hydride into DyH «-Fe with
decreasing hydrogen pressure. It is the first time thagBiF
type DyHs has been found to precipitate in an amorphous
hydride, because the transformation from g&fpe DyH

into HoHs-type is restrained by the surrounding amorphous

[1] X.L. Yeh, K. Samwer, W.L. Johnson, Appl. Phys. Lett. 42 (1983)
242.

[2] K. Aoki, T. Yamamoto, T. Masumoto, Scr. Metal. 21 (1987) 27.

[3] L.E. Rehn, P.R. Okamoto, J. Pearson, R. Bhadra, M. Grimsditch,
Phys. Rev. Lett. 59 (1987) 2987.

[4] U.-l. Chung, Y.-G. Lim, J.-Y. Lee, Philos. Mag. B 63 (1991) 1119.

[5] K. Aoki, T. Masumoto, J. Alloys Compd. 231 (1995) 20.

hydride. As the hydrogen pressure increases, the peak temper{6l A-Y- Yermakov, N.V. Murshnikov, N.K. Zajkov, V.S. Gaviko, V.A.

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 Bi#ftype DyHs shifts
slightly to higher temperature side. Itis worth noticing that no

amorphous hydride is formed at a low hydrogen pressure and10l
at a high heating rate. Furthermore, there is no clear differ-
ence in the hydrogen content for the crystalline hydride, when

Barninov, Philos. Magn. B 68 (1993) 883.

[7] K. Aoki, X.G. Li, T. Aihara, T. Masumoto, Mater. Sci. Eng. A 133
(1991) 316.

[8] S. Luo, J.D. Clewley, T.B. Flanagan, Acta Mater. 44 (1996) 4187.

[9] K. Aoki, Mater. Sci. Eng. A 304-306 (2001) 45.

H. Atsumi, M. Hirscher, E.H. Buchler, J. Mossinger, H. Kroilfer,

J. Alloys Compd. 231 (1995) 71.

[11] V. Paul-Boncour, S.M. Filipek, A. Percheron-Guegan, |. Marchuk, J.

Pielaszek, J. Alloys Compd. 317/318 (2001) 83.

the samples were heated to above the first exothermic peak12] M. Dilixiati, K. Kanda, K. Ishikawa, K. Aoki, Mater. Trans. 43

in 0.1, 0.2 and 1.0 MPa # From these experiment results,
we conclude that the controlling factor for HIA in Dyf&s

not the hydrogen content, but the hydrogen pressure whic
has a close relation with the diffusion of metal atoms.

Acknowledgement

This work was supported in part by a “Grant-in-Aid” for
Scientific Research on Priority Area A of “New Protium
Function” from the Ministry of Education, Culture, Sports,
Science and Technology.

(2002) 1089.
[13] K. Aoki, K. Mori, T. Masumoto, Mater. Trans. 43 (2002) 2685.

h[14] K. Aoki, M. Dilixiati, K. Ishikawa, J. Alloys Compd. 337 (2002)

128.

[15] K. Aoki, M. Dilixiati, K. Ishikawa, Mater. Sci. Eng. A 375-377
(2004) 922.

[16] F.R. de Boer, R. Boom, W.C.M. Mattens, A.R. Miedema, A.K.
Niessen, Cohesion Met. (1988).

[17] K.A. Gschneidner Jr., L.R. Eyring, in: Handbook on the Physics and
Chemistry of Rare Earth, vol. 3, 1979, p. 309.

[18] M. Mansmann, W.E. Wallace, J. Phys. 25 (1964) 454.

[19] D. Ivey, D. Northwood, J. Less Common Met. 115 (1986) 23.

[20] K. Itoh, K. Kanda, K. Aoki, T. Fukunaga, J. Alloys Compd. 356/357
(2003) 664.



	Pressure dependence of hydrogen-induced transformations in C15 Laves phase DyFe2 studied by pressure differential scanning calorimetry
	Introduction
	Experimental
	Results
	Structural changes of DyFe2 heated in a hydrogen atmosphere
	Structural changes of DyFe2 heated in 1.0MPa H2
	Structural changes of DyFe2 heated in 0.2MPa H2
	Structural changes of DyFe2 heated in 0.1MPa H2

	The relation between the hydrogen pressure and the peak temperature Tp for thermal reactions
	Thermal desorption spectrum (TDS) of hydrogen and the crystal structure of Dy hydride precipitated in the amorphous hydride
	The enthalpy change DeltaH and the activation energy EA for the thermal reactions related with hydrogen

	Discussion
	The crystal structure of Dy hydride precipitated in the amorphous phase
	The mechanism of hydrogen-induced amorphization

	Summary and conclusion
	Acknowledgement
	References


