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Phase relationships in the La—Ni—Si system at 673 K
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Abstract

The phase relationships in the La—Ni-Si ternary system at 673 K were investigated by X-ray diffraction (XRD), differential thermal analysis
(DTA), scanning electron microscopy (SEM) and electron probe microanalysis (EPMA). All phase relationships were studied at 673 K. At
this temperature, the existence of 14 ternary compounds has been confirmed. This section consists of 35 single-phase regions, 78 two-phas
regions, and 47 three-phase regions. At 673 K, the maximum solid solubility of Si in phli{,daNis, and LaNiSi is about 9, 3, 8.33, and
5 at.%, respectively. Several ternary compounds form a homogeneity region which can be expressed @asd<SiNi 35, LaNigg_g4Sis2-46,
and LaN.b_g_ﬁ5Si5_2_55.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction Therefore, the phase relationships in the La—Ni—Si ternary
system are well worth studying completely in order to pro-
In the development of the high-energy density and envi- vide information required for improving material properties
ronment friendly Ni-MH battery, the crucial material having and for developing new materials. Up to now, the integral
properties required for the MH electrode are Ape hy- phase diagram of the La—Ni-Si system has not been re-
drogen strong systems based on LaNij. The LaNg_,Si; ported. In this paper, we studied the isothermal section of
(0 < x =< 0.08) system has many interesting properties the La—Ni-Si ternary system at 673 K.
for its application in battery electrodes, e.g. high stability, = The phase diagrams of the binary La—Ni, Ni-Si, and
fast activation, low volume expansion on hydride forma- La—Si systems were reported [4,5,6—10] respectively.
tion, sinterability, and a suitable plateau pressure. Silicon At 673K, there are seven intermetallic compounds in the
substitution is cheaper and more effective for obtaining La—Ni system, namely L#Ni3, LaNi, LapNigz, LayNijg,
certain properties than cobalt substitution. The LaNSi, LaNiz, LapNi7, and LaNs; six intermetallic compounds in
(0 < x < 0.08) system might therefore serve as a basis the Ni—-Si system, namely B%i, Ni31Si12, NizSip, NizSi,
for the development of low cost, multicomponent alloys NiSi, and NiSp; and five intermetallic compounds in the
in combination with Mm, lanthanum-rich Mm, aluminium, La-Si system, namely LagiLaSi, LaSis, LagSip, and
and manganese but without or with very little cobgl. LasSi3. Tables 1 and Zist the data reported on the crystal
The phase diagrams and thermodynamics are important forstructures of the compounds.
the study of phase transformation of materials and for the
materials performance. There is some literature reporting
that the substitution of small amount of Si for Ni in LaNi 2. Experimental
alloys can improve its properties including the hydrogen
storage ability of LaNj [3]. The purities of lanthanum, nickel, and silicon used in this
work were 99.9, 99.99, and 99.9%, respectively. Three hun-
dred and fifty-two alloy buttons have been produced. Each
* Corresponding author. sample was prepared with a total weight of 3 g. Weight losses
E-mail address: zhuang@gxu.edu.cn (H. Zhou). during arc melting were less than 1% of the total mass.
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Table 1
The data on the crystal structures of the compounds of the La—Ni, Ni-Si and La—Si binary systems
Compound Space group Structure type Lattice parameters Reference
a (nm) b (nm) ¢ (nm) y (°)
LazNi3 P63mc Fe;Ths 1.0130(9) - 0.6462(6) 120 [11]
LaNi Cmem BCr 0.3907 1.0180(1) 0.4396 - [11]
LayNi3 Cmca LayNi3 0.51183 0.97316 0.79075 - [11]
LasNi1g 142m LazNiie 0.7355 - 1.451 - [11]
LaNis3 R3m BeNb; 0.5086(5) - 2.501(1) 120 [11]
LapNi7 P63/mmc CeNiy 0.5085 - 2471 120 [11]
LaNis P6/mmm CaCuy 0.5016 - 0.3983 120 [11]
Ni3Si Pm3m AuCug 0.3506 - - - [11]
Ni31Sii2 P321 Nig1Si12 0.6671(1) - 1.228(2) 120 [11]
Ni2Si Pnma CoSi 0.499 0.372 0.706 - [11]
Ni3Si» Cmc2; Ni3Si> 2.229 1.0805 0.6924 - [11]
NiSi Pnma MnP 0.518 0.334 0.562 - [11]
NiSi, Fm3m Cak, 0.5406 - - - [11]
LaSh 144/amd ThSh 0.4281 - 1.375 - [11]
LaSi Pnma FeB 0.8404(5) 0.4010(3) 0.6059(3) - [11]
LasSiy P4,2,2 ZrsSiy 0.811 - 1.541 - [11]
LagSip P4/mbm SioU3 0.787(2) - 0.450(1) - [11]
LasSi3 14/mcm CrsB3 0.7949 - 1.407 - [11]

These alloy buttons were prepared in an argon atmosphere irin the ternary system, were kept at 1123 K for 720h. The
a vacuum arc furnace or in a high-frequency induction fur- samples, which contained between 50 and 75 at.% Ni in the
nace. Each arc-cast button had been melted three times antla—Ni binary system or near them in the ternary system,
turned around after melting for better homogeneity. Small were homogenized at 973K for 720 h. The alloy samples
amounts of lanthanum was lost during melting, so an excessin the Si-rich part, which contained more than 50at.% Si
of 1at.% La was used. in the Ni-Si and La-Si binary system or near them in the
After melting, the samples were kept in evacuated sealedternary system, were homogenized at 1173 K for 720 h. Sub-
silica tubes during homogenization and then they were an-sequently, the alloy samples were cooled at a rate of 10K/h
nealed at different temperatures in order to reach a goodto 673 K and kept at 673K for 150 h. Then, all of the alloy
homogenization. The homogenization temperature of the al- samples were gquenched into liquid nitrogen.
loys were derived from differential thermal analysis (DTA) The homogenized alloy powders or buttons were inves-
results of some representative ternary alloys or they weretigated by X-ray diffraction on a Rigaku D/Max 2500PC
based on the binary phase diagram of the binary La—Ni, X-ray diffractometer (Cu I&, monochromator), using
Ni-Si, and La-Si systems. The samples in the Ni-rich part, JADE5 software to analyze the angles, ranging fraim=2
containing more than 75at.% Ni in the La—Ni binary sys- 20° to 60° at 40kV, 25mA. Some representative alloys
tem or 70 at.% Ni in the Ni—Si binary system or near them were analyzed by an S-570 scanning electron microscope

Table 2
The data on the crystal structures of the compounds of the La—Ni-Si ternary system
Compound Space group Structure type Lattice parameters Reference
a (nm) b (nm) ¢ (nm) y (°)
LaNiSi 14,md LaPtSi 0.418 - 1.407 - [11,12]
LaNiSip Cmem CeNiSp 0.42 1.65 0.407 - [11,12]
LaNizSip 14/mmm Al,Ba 0.4111 - 0.969 - [11,12]
LaNigSip 144/amd BaCd1 0.9899 - 0.6265 - [11,12]
LayNiSi P63/m Ce;NiSis 1.634(1) - 0.4322(5) 120 [11,12]
LayNiSis P6/mmm AlB; 0.4077 - 0.43 120 [11,12]
LaNi116-95Si1.4-35 Fm3c NazZm s 1.127 - - - [11,12]
LagNi,Siz P63/m Ce;NiSis 1.220(1) - 0.4350(2) 120 [11,12]
LazNi2Sis Pnma CerNisSis 2.363 0.4312 1.409 - [12]
LaNig g g4Sis2-46 14/mecm CexNiy7Sig 0.785(1) - 1.151(11) - [12-15]
LaNi7.g_55Si5.2_55 14/mcm NaZn 3 1.12 - - - [12—15]
LaisNigSiis P63/m CeisNigSis 2.044 - 4.336 120 [12-15]
LaNisSi LaNisSi 0.8382 0.521 0.3989 - [17]

Lay4NigSit1 C2/m CewsNigSitg 2.203 1.661 0.4302 113.52(3) [12-15]
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(SEM), electron probe microanalysis (EPMA) or differ- good agreement with the respective JCPDS PDF cards or

ential thermal analysis (DTA). From all these results, the with the calculated XRD pattern.

phase relations in the La—Ni—Si system were determined. From our X-ray data, the LaMig_95Si14-35 com-
pound with NaZns-type structure was confirmed to exist
in a narrow homogeneity region around the composition

3. Results and discussion LayNi21Sis, as reported earlier already[ihl]. In this region,
the patterns of the alloy samples are in accordance with that
3.1. Binary system of LapNi21Sis as well. Similarly, the LaNig_g5Si52-65
compound with NaZgs-type was confirmed to exist. Also,
3.1.1. La—Ni system the LaNgg-gaSis2—46 compound with CgNiy7Sig-type
In [4], the La—Ni phase diagram was assessed, eightstructure, occurring in a narrow homogeneity region around
kinds of La—Ni compounds Lgii, LayNig, LaNi, LaNis, the composition LgNi17Sig, was confirmed.
LayNije, LaNi3, LapNi7, and LaNi have been reported In [12,13] a ternary compound L&li-Sis (space group
(seeTable J). According to[16], one of the major differ- Pnma, a = 2.363nm,b = 0.4312nm,c¢ = 1.409nm)
ences betweefl7,18]is the existence of LaNior LayNiig with CerNioSis-type structure (space groupnma, a =

in the La—Ni system. Our investigation has shown that the 2.331(3)nm, » = 0.42995) nm, ¢ = 1.390(3) nm) is
phase is not LaNibut La;Ni1e. The result was obtained by mentioned. In order to identify this phase, we prepared
X-ray diffraction analysis, SEM, and EPMA. Secondly, the a series of alloy samples near the;N&Sis region. The
existence of LgNi was confirmed in[16]. In our experi- results of XRD of these alloy samples showed that the
ments, five alloy samples near thesDa composition were diagram of LaNi,Sis is in good agreement with that of
studied by X-ray diffraction. Our work has proved that the Ce;Ni,Sis. Thus, the existence of the {/di,Sis phase was
compound of LgNi does not exist. The diffraction pattern confirmed.

of LagNi consists of that of La and Llis. By comparing and analyzing the X-ray diffraction patterns
of the alloy samples of the LaNigSig compound, which
3.1.2. Ni-S system has been reported to have a structure type with Pearson sym-
According to the Ni-Si system, there are six kinds of bol mP64[12], our result shows that the phase may not be
compounds, which are B&i, Niz1Sii2, Ni2Si, NizSiz, NiSi, La14NigSig but Laj4NigSip1 with Ce4NigSip1-type struc-

and NiSp (seeTable 1. In[11] and JCPDS PDF file, itwas ture (mC124,a = 3.4081) nm, b = 0.424563) nm, ¢ =
reported that the compoundssire and NgsSiis maybe 2.137(1) nm, y = 11352(3)°). Samples in the three-phase
exist between Ni and N8i. But in our investigation, the  regions near the compound were studied by X-ray diffrac-
phases of NisSizg and NigsSii5 were not found. Their X-ray

pattern consists of that of Ni and 38i.

3.1.3. La—S system

In the Ni—Si system, five compounds were reported in
[11]. These are La$%j LaSi, LaSiy, LagSip, and LaSis,
which is in accordance with our experimental results. But
in JCPDS PDF file, the existence of the LaSicompound
has been reported. However, in our work, this compound
was not found. The X-ray diagram consists of the patterns
of LaSi and LaSi.

3.2. Ternary system

Fourteen ternary compounds LaNiSi, LaNiSiaNiySip,
LaNigSiy, LapNiSi, LagpNiSiz, LaNii16-95Si1 4-35, LagNi2
Si3, LayNi»Sis, LaNigg-g4Sis2-46, LaNiz g g5Si52-g5,
LassNigSiis, LaNigSi, and LagNigSii1 (seeTable 9 were

reported. Four of these compounds LaNiSi,,N&Sis, Ni S KiSTNGS ST T g ‘ o
LazNi21Sis, and LaNiSi are also reported in the JCPDS g0 NS 60 80

PDF file. According to the crystallographic data of LaNiSi Si at.%

LaNizsiz, LaNiQSiz, LazNiSi, LaNi116_95Si1,4_35, La5Ni2

Sis, LaNigg-g4Sis2-46, and LasNisSiy3 taken from[12], Fig. 1. The 673K isothermal section of the phase diagram of the

. . La—Ni-Si ternary system: (a) LaNie-95Si1.4-35, (b) LaNigg-g4Sis2-46,
using the LAZY prograni19], we were able to obtain the (©) LaNigasSisn.as, (d) LaNkSiy, (€) LaNiSh, () LagNiSis, (q)

calculated XRD patterns of the compounds, respectively. | anisi, (h) LaaNisSii1, (i) LaisNiaSizs, () LazNizSis, (k) LaNiSi, (1)
The results of XRD analysis of our alloy samples are in LagNi,Siz, (m) LaNiySi, and (n) LaNgSi,.
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tion, and the X-ray diagram of the compound consists of Neither La in Ni nor La in Si forms a range of solid sol-

La14NigSii1 and two other ternary compounds.

3.3. Solid solubility

At 673K, the maximum solid solubility of Ni in Lagiis
about 4 at.%. The maximum solubilities of Si in Ni, LalNi

LaoNi7, and LaNiSi are about 9, 8.33, 3, and 5at.%, re-

ubility. No solubility of one of the elements in any of the
other phases has been observed.

3.4. Isothermal section

By comparing and analyzing the X-ray diffraction pat-
terns of 352 samples, combined with metallography, DTA

spectively. The single-phase regions a, b, and c corresponcand EPMA, and identifying the phases presented in each

to homogeneity ranges expressed as LabligsSiy 435,
LaNig g g4Sis2-46, and LaNy g g5Si52-g5, respectively.

Table 3
Details of three-phase regions in La—Ni-Si system at 673K
Phase region Phase
1 Si + LaNiSi, + LaSh
2 Si + LaNi2Si> + LaNiSi»
3 LaShb + LaNiSi + LapNiSis
4 LaNi»Si; + LaNiSi, + LayNiSi3
5 LaNi>Si; + LapNiSiz + LaNiSi
6 LaSi+ LaSk + LagpNiSi3
7 LaSi + LasSis + LagNiSis
8 LasSis + LapNiSiz + LaisNisSiis
9 LapNiSiz + LagsNigSiiz + LagaNigSiig
10 LaNiSiz + LaisNigSips + LaNiSi
11 LaNiSi3 + La;sNigSiis + LazNisSis
12 LagsNigSipz + LazNizSis + LaggNigSipa
13 LasSis + LagSi; + LayNi,Sis
14 LagSip + LazNi»Sis + LagNiSis
15 LagSi» + LagNi,Siz + LasSi3
16 LagNi»Siz + LasSiz + LazNis
17 La + LagNi»Siz + LasSi3
18 LayNi3 + LagNi»Siz + LapNiSi
19 LayNi3z + LazNiSi + LaNi
20 LaNiSi + LagNi2Siz + LazNi2Sis
21 LaNiSi + LazNi,Sis + LapgNigSiig
22 LaNiSi + LaNiSi + Laj4NigSii1
23 LaNi + LapNiSi + LapNiz
24 LaNiz + LapNiSi + LaNiSi
25 LaNiz + LaNiSi + LaNiSiz
26 LaNiz + LazNiig + LaNizSiz
27 LayNi1g + LaNiz + LaNiaSio
28 LaNi + LagNi7 + LaNi,Siz
29 LaNi7 + LaNi2Si; + LaNigSi
30 LaNi7 + LaNis + LaNisSi
31 LaNi + LaNisSi + LaNigSi»
32 LaNis + LaNigSip + LaNi116-95Si1.4-35
33 LaNigSi» + LaNi116-95Si14-35 + LaNigSi
34 LaNis + Ni + LaNi116-95Si1.4-35
35 Ni + Ni3Si + LaNi116-95Si1.4-35
36 NizSi + Niz1Siz2 + LaNii16-95Si1.4-35
37 Niz1Siz2 + LaNi116-95Si1.4-35 + LaNigg-g4Sia.2-46
38 LaNi16-95Si1.4-35 + LaNigg_g4Sis2-46 + LaNigSi
39 Ni31Si12 + Ni>Si + LaNigg-g4Sis2-46
40 LaNig g_g4Sia2-46 + LaNi7 g_a5Si5.2_65 + Ni2Si
41 LaNig g 84Sis2-46 + LaNiz g g5Si52-g5 + LaNiSiz
42 LaNiggg4Sis2-46 + LaNizSip + LaNigSi
43 Ni>Si + Ni3Sip + LaNi7 g g5Sis2_g5
44 NizSip + NiSi + LaNi7.g_65Si52-65
45 NiSi + NiSio> + LaNi7g_g5Si52_g5
46 NiSkb + LaNi7g_g5Sis2_g5 + Si
47 LaNbSiy> + Si + LaNi7.g_g5Siso_g5

sample, the 673 K isothermal sections of the phase diagram
of the La—Ni-Si ternary system were determined (shown in

Fig. 1). The isothermal section consists of 35 single-phase,

78 two-phase, and 47 three-phase regions. Details of the
three-phase regions are givenTiable 3andFig. 1
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