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Abstract

Structural changes in C14 Laves phase Ndlfna hydrogen atmosphere of 0.1-5.0 MPa were investigated using a pressure differential
scanning calorimeter (PDSC), a powder X-ray diffractometer (XRD), a conventional differential scanning calorimeter (Ar-DSC), atransmission
electron microscope (TEM) and a hydrogen analyzer. Three exothermic peaks resulting from (1) hydrogen absorption in the crystalline state,
(2) hydrogen-induced amorphization (HIA) and the precipitation ogBype NdH which occur simultaneously, and (3) the decomposition
of the remaining amorphous phase iatdn and NdH were observed with increasing temperature between 0.1 and 1.0 MPdAdand
the precipitation of Ndkloccurred separately above 2.0 MPa Hhe peak temperature for HIA of C14 Laves phase Ngbsimd its pressure
dependence is higher and smaller than those of C15 Laves phasedHref NdMn, occurred for every hydrogen pressure, although the
single phase amorphous hydride is not formed below 1.0 MPa H
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction amorphize or not by hydrogenation. Recently, the present au-
thors have demonstrated that C14 Laves phase Ndith

The formation of amorphous hydrides by hydrogena- Rnd/Rwmn = 1.45 amorphizes by hydrogenation at 5.0 MPa
tion of intermetallic compounds is called hydrogen-induced Hz [11].
amorphization (HIA). HIA is anovel method to prepare amor- That is, four exothermic peaks resulting from (1) hydro-
phous hydrides without rapid quenching, and closely related gen absorption in the crystalline state, (2) hydrogen-induced
to the disproportionation that dominates a lifetime of hydro- amorphization (HIA), (3) the precipitation of NgHn the
gen storage alloys. Therefore, it is important to make clear amorphous hydride, (4) the decomposition of the remaining
the controlling factors for the occurrence of HIA. HIA has amorphous phase ini@-Mn and NdH; are observed with
been observed in the intermetallic compounds consisting of increasing temperature. However, Chung et al. reported
hydride forming and non-hydride forming ones with the spe- that NdMn, does not amorphize by hydrogenation at
cific crystal structures such as C15,8823, DQg, B2 and 0.14 MPa H [12]. Aoki et al. have reported that HIA of
L1, [1-9]. Aoki et al.[10] have investigated the hydrogen- the C15 Laves phases RF&R = Dy, Tb and Er) occurs
induced structural changes in C15 Laves phases afi above the critical hydrogen pressyf8-15] Then, there
showed that HIA occurs in the compounds with the atomic is a possibility that NdMp does not amorphize at the
size ratio larger than 1.37. Then, it is interesting whether the low hydrogen pressure in the same way as C15 Laves
C14 Laves RM with the atomic size ratio larger than 1.37 RFe. In the present work, we investigate the hydrogen

pressure dependence of structural changes in C14 Laves
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of the amorphous hydrides in the C15 and C14 Laves

H, Absorp.
Compounds_ Decomp. into
Precip. of o-Mn and NdH;,
HIA  NdH,
2. Experimental \}_\_,_-{ //_H 5.0 MPa H,
NdMn, was prepared by arc melting under an argon at-
mosphere. This alloy ingot was homogenized at 1073 K for 7 2.0 MPa H,
days in an evaluated quartz tube and then quenched into ice === =
water. The NdMan alloy was pulverized and sieved through _ HisFrocip.
#100 screen. Thermal analysis of powder sample was carried s of NaH,
outusing a pressure differential scanning calorimeter (PDSC) % \_,.‘..-\ 1.0 MPa H,
in a high purity hydrogen (99.99999%) atmosphere at 0.1- € o ST
5.0MPa and at a heating rate of 0.17 K/s. Structures of the £
samples before and after thermal analysis were identified by I_%’
a powder X-ray diffractometer (XRD) using monochromated o 0.5MPaH,
Cu Ka radiation. Microstructural observation and structural - o
characterization were carried out using a transmission elec-
tron microscope (TEM). The hydrogen contentwas measured N Py 02MPaH,
using a hydrogen analyzer. Thermal stability and crystalliza- r 3 -
tion behaviors were measured using a conventional Ar-flow "
differential scanning calorimeter (Ar-DSC). 0.1 MPa H,
- 1 _'f:} | 1
300 4cl>o 500 600 700 800 900
3. Results and discussion Temperature, T/K

Fig. 1 shows PDSC curves of NdMnheated at 0.1— 219& alu ;E?;ecgf“ﬁ;’;/c;‘l Laves phase NéWeated at 0.1-5.0 MPaH
5.0MPa H and at the rate of 0.17 K/s. Three exothermic
peaks are observed between 0.1 and 1.0 MPamtl four
ones are observed above 2.0 MPa Hhe origins for these
exothermic peaks are investigated as follows.

Fig. 2shows a PDSC curve and the change in the hydrogen
content (the broken line) in NdMnheated at 1.0 MPa H
The thin broken line indicates a base line of the PDSC curve.
Three exothermic peaks, i.e. the first sharp and large, the
second broad and the third weak peaks are observed on thi
PDSC curve.

Figs. 3 and show XRD patterns and Ar-DSC curves of
the samples heated to above the exothermic peaks (to the

hydrogen desorption. The bright field image (BFI) of TEM
for this sample is shown ifrig. 5 Small crystalline hy-
drides below 10 nm size, surrounded by white circles, are
embedded in the amorphous hydride. Debye—Scherrer rings
are also observed in the selected area electron diffraction pat-
tern (SADP) of TEM for this sample. From XRD, Ar-DSC
and TEM experiments, we can see that the sample heated
%0 above the peak Il consists of the amorphous hydride and
Nd-hydride. Thatis, hydrogen-induced amorphization (HIA)

points indicated by the arrows Fig. 2), respectively. The e 20
Bragg peaks of the original sample are indexed on the ba- PN 118
sis of the C14 Laves phase. The Bragg peaks shift to the f o 11.6
lower angle side on heating the sample to above the peakT 1 114 E
I (to 424 K). Correspondingly, the hydrogen content of this o <
sample increases rapidly to 1.92 (H/M). The Ar-DSC curve 3 Plliasos. T o 1" E
of this sample shows two endothermic peaks of hydrogen g ! 10 5
desorption, but do not show any exothermic peak of crystal- & 10.8 %
lization. Consequently, the first exothermic peak of the PDSC & HiA+Precip.  Decomp. fnid 1o ©
curve is concluded to result from hydrogen absorption in the i o h::jH e e o0 1%;
crystalline state, and this alloy is expressed as crystalline c- /\l I l 14T
NdMn2H5,76. '," T 102
Broad Bragg peaks, which are overlapped with the wide o 1 L 1 1 1 0

300 400 500 600 700 800 900

XRD maximum, are observed in the XRD pattern of the
Temperature, T/K

sample heated to above the peak Il (to 650K). Its Ar-DSC

curve shows an exqthermic peak .Sl-'ggeSting the presence Ofig. 2. A PDSC curve and the change in the hydrogen content of NdMn
an amorphous hydride together with an endothermic peak of heated at 1.0 MPaand at the rate of 0.17 K/s.
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Fig. 3. XRD patterns of NdMnheated to distinct temperatures in PDSC at

1.0MPa b.
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Fig. 5. Bright field image (BFI) and selected area electron diffraction pat-
tern (SADP) of NdMn heated above peak Il in PDSC at 1.0 MPa Hhe
small crystalline Bil-type NdH; phases, surrounded by white circles, are
embedded in amorphous matrix.

curve does not show any exothermic peak of crystallization
indicating the absence of any amorphous hydride. Conse-
quently, the third exothermic peak in the PDSC curve results

and the precipitation of Nd-hydride occur simultaneously at from the decomposition of the amorphous hydride iateln

the second peak. However, the crystal structure of this Nd and Nd hydride.

hydride cannot be identified, because its hydrogen contentis We discuss the crystal structure of the Nd hydride that is

unknown, although the total hydrogen content of this sample formed by the precipitation in the amorphous hydride or the

is 1.22 (H/M).
The XRD pattern of the sample heated to above the peak |1l CaR>-type NdH is same as that of Bi-type NdH, so that

(to 787 K) consists ok-Mn and the Nd hydride. Its Ar-DSC

Exothermic (a.u.) —»

Peak Ill

Peak Il

/4 ---------

Crystallization to
o-Mn and NdH,

300

Fig. 4. Ar-DSC curves of NdMnheated to distinct temperatures in PDSC

at 1.0 MPa H.
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decomposition of it. The peak position of the Bragg peaks for

itis impossible to distinguish them by the XRD experiments.
In both hydrides, Nd atoms occupy both the face center and
cube corner sites in the f.c.c. structure. On the other hand,
hydrogen atoms in CaRype NdH occupy the tetrahedral
sites and those in Bi-type NdH; occupy the octahedral sites

in addition to the tetrahedral sites. They are distinguishable
by the hydrogen content. The hydrogen content of the sam-
ple heated above the peak Il is 1.07 (H/M), i.e. 3.21 (H/Nd).
Hydrogen is not dissolved ia-Mn, but dissolved in the Nd
hydride. Consequently, the Nd hydride formed by heating
above the peak Il is Bigtype NdHs. Similarly, the Nd hy-
dride formed by precipitation in the amorphous hydride is
considered to be Bitype NdH;. Same thermal reactions
were observed between 0.1 and 1.0 MPa The reaction
sequence of NdMnheated at 0.1-1.0 MPayHs expressed

as follows:

k k
C-Ndanpe—al) IC-NdMn2H5.76pe—a> ”a-Ndl_yanHx

FyNdH" " & -Mn + NdHs )

The crystalline hydride:-NdMnyH, always changes to
c¢-NdMngH,. + NdHs at low hydrogen pressure regions.

Four exothermic peaks are observed in the PDSC curves
measured above 2.0 MPaHn our previous papgf 1], the
origin of these four exothermic peaks was determined as (1)
hydrogen absorption in the crystalline state forming a crys-
talline hydride, (2) hydrogen-induced amorphization (HIA),
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100 and nano-crystalline phases by the XRD pattern and SADP
sol I | of TEM. The presence of the amorphous hydride above peak
g - \ . absorp. Il below 1 MPa H is for the first time confirmed by using a
=3 : "\ | precip.of high resolution TEM.
a” i ’\'I' NaH, The peak temperature for HIA of C14 Laves phase NgMn
S ol . \ and its pressure dependence are higher and smaller than those
§ l of C15 Laves phases RMIn the case of C15 ThkheErFe
D’CI 0.5 - s and DyFe [13-15] the peak temperature for HIA is changed
g \ HIA+ ) widely with the hydrogen pressure. In addition, HIA occurs
o Precip. of NdH, . . .
£ L s above the critical hydrogen pressure, i.e. the crystalline hy-
T \ I dride decomposes into-Fe and RH directly at lower pres-
01r 1 i sures. On the other hand, the peak temperature for HIA of
0.05 | | | { | | [ DyCo, is almost constant and amorphous single phase is
300 400 500 600 700 formed at 0.1 MPa Kl [16]. Thus, formation conditions of
Temperature, T/K amorphous hydride vary with the alloy systems. We can also

_ _ ~expect that it depends on the combination of R and M in C14
Fig.6. Apressuredependence ofpeaktemperaturesforexothermlcreactlons'_(,:lv(_}S structure. Further investigation is required in order to
f NdMn,. . ) . )
© 2 clarify the mechanisms and controlling factor of HIA in C14
Laves phases.

(3) the precipitation of Ndklin the amorphous hydride and

(4) the decomposition of the remaining amorphous phase into

a-Mn and NdH. However, the Nd hydride formed by the 4 Summary
precipitation or the decomposition is not Gatiype NdH, ,
but is considered to be Bitype Ndh as discussed above. The pressure dependence of structural changes in C14

The thermal reactions for NdMrheated at 5.0 MPa Hare Laves phase NdMnwere investigated between 0.1 and
expressed as follows: 5.0MPa H by PDSC, XRD, TEM, Ar-DSC and a hydrogen

peak | peak Il analyzer. Three exothermic reactions, i.e. (1) hydrogen ab-
¢-NdMnz"— ¢-NdMnzHs 91" = a-NdMnzHz g7 sorption in the crystalline state, (2) HIA and the precipitation
peak Ill peak IV of NdHjz in the amorphous hydride, (3) the decomposition of
= a-Ndy_yMnzH; +yNdH;" = o -Mn + NdH3 remaining amorphous hydride inieMn and NdH, occurred
2 with increasing temperature between 0.1 and 1.0 MRa H

Fig. 6 shows the relation between the peak temperaturesHIA and the precipitation of Ndkloccur separately above
Ty, for the thermal reactions and the hydrogen pressiye. 2.0 MPa k. The peak temperatures of the exothermic reac-
for the decomposition of the remaining amorphous hydride tions of HIA and the precipitation of NdiHshow negative
into «-Mn and NdH; is not plotted, because these exother- and positive dependence to hydrogen pressure, respectively.
mic peaks are too small to determine the peak temperaturel he peak temperature for HIA of C14 Laves phase NgMn
exactly. T, for both hydrogen absorption and HIA decrease and its pressure dependence are higher and smaller than those
with increasing hydrogen pressure, i.e. show the negativeOf C15 Laves RFg
pressure dependence. On the contrary, that for the precipi-
tation of NdH; shows the positive one. Furthermoffg,for
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