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Abstract

Microstructures and defect structures in intermetallic compounds in the La–Ni alloy system have been investigated by transmission
electron microscopy in the composition range of La–77.8|83.2 at.%Ni, which corresponds to compositions between two intermetallic
phases, La Ni and LaNi The intermetallic phase, La Ni of the Ce Co -type is found for the first time to exist as an equilibrium2 7 5. 5 19 5 19

phase at a composition between La Ni and LaNi . This phase is stable at high temperatures around 10008C but decomposes into La Ni2 7 5 2 7

and LaNi below 9008C. Numerous stacking faults are observed on basal planes in La Ni but the density of these basal stacking faults is5 5 19

greatly reduced in La Ni . Most stacking faults in La Ni are identified to be of the inter-block layer type while most of those in La Ni2 7 5 19 2 7

are identified to be of the intra-block-layer type.  1999 Elsevier Science S.A. All rights reserved.
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1. Introduction is 1 and 2 for LaNi and La Ni , respectively. Thus, this3 2 7

series of compounds are formulated to be LaNix with
Alloys based on the intermetallic phase, LaNi have x5(5n 1 4) /(n 1 2) [10]. Depending on the stacking se-5

been used as negative electrode materials of rechargeable quence of block layers along the c-axis, several modi-
nickel–metal hydride (Ni–MH) batteries because of their fications called polytypes are expected to occur for these
fast activation, high storage-capacity, long cycle-life and compounds. For example, the hexagonal and rhombohedral
excellent electrochemical charge /discharge kinetics [1–4]. modifications are formed for the double (AB) and triple
The phase diagram of the La–Ni binary system has (ABC) stacking of block layers, respectively. According to
repeatedly been the subject of investigation [5–8] and the the Ramsdel notation [11], these are termed 2H and 3R
recent version of the diagram [9] indicates that eight modifications, respectively. Although no relevant ex-
intermetallic phases, La Ni, La Ni , LaNi, La Ni , perimental observations are available, such modifications3 7 3 2 3

La Ni , LaNi , La Ni and LaNi , exist in the equilib- with compositions between La Ni and LaNi are also7 16 3 2 7 5 2 7 5

rium state and that no stable intermetallic phase has been possible by changing numbers of LaNi and LaNi unit5 2

reported to exist between La Ni and LaNi . LaNi has the layers consisting of each of the block layers stacked along2 7 5 5

CaCu -type hexagonal structure with a50.5017 nm and the c-axis.5

c50.3987 nm. The unit cell of a series of compounds in Thus, we decided to investigate microstructures and
the La–Ni system, LaNi and La Ni is made of some defect structures in intermetallic compounds in the La–Ni3 2 7

block layers, each consisting of one unit layer of the LaNi system as a function of alloy composition in the range of2

(Laves)-type and some unit layers of the LaNi -type [10]. La–77.8|83.2 at.%Ni, which corresponds to compositions5

The number of LaNi -type unit layers in a block layer (n) between La Ni and LaNi .5 2 7 5

2. Experimental procedures
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5461. Alloys with five different compositions of Ni /La (in
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by Ar-arc melting of high-purity (4N-grade) La and Ni.Shanghai Jiao Tong University, Shanghai 200030, People’s Republic of
China. For the sake of simplicity, alloy compositions are ex-
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pressed as LaNi with x being the Ni /La ratio throughout the results of EDS (energy-dispersive spectroscopy) analy-x

this paper. After arc-melting, all alloys were annealed at ses imply that the regions D and E correspond to LaNi3

9308C for 48 h in vacuum, and then furnace-cooled. Some and La Ni phases, respectively. The LaNi alloy ex-7 16 4.0

of LaNi alloys were annealed at 900 and 10008C for 168 hibits a three-phase microstructure (Fig. 1(c)). In addition3.8

h in vacuum, and then water-quenched. Microstructures of to LaNi (region A) and La Ni (region C) phases, there is5 2 7

these alloys were examined by scanning electron micro- a phase (region B) with a composition in between these
scopy (SEM) and transmission electron microscopy two phases. This phase is also observed in the LaNi4.5

(TEM). Thin foils for TEM observations were perforated alloy (Fig. 1(b)), forming a two-phase microstructure with
by a standard double-jet thinning method at a voltage of 10 the LaNi phase.5

V with a solution of perchloric acid and methanol (2:8 by Fig. 2(a)–(c) shows TEM microstructures of LaNi ,5.0

volume) kept at 2408C. LaNi and LaNi alloys annealed at 9308C, respectively.4.5 3.5

Electron diffraction and EDS analyses have confirmed that
LaNi and LaNi alloys are essentially of single phase,5.0 3.5

3. Results and discussion consisting respectively of LaNi and La Ni phases,5 2 7

whereas the LaNi alloy (Fig. 2(b)) is of two-phase,4.5

3.1. Microstructures of La–Ni alloys consisting of the LaNi phase (the lower half of the figure)5

and the phase with a composition between the LaNi and5

Microstructures of LaNi , LaNi , LaNi and LaNi La Ni phases (the upper half of the figure). The La Ni5.0 4.5 4.0 3.5 2 7 2 7

alloys annealed at 9308C are shown in Fig. 1(a)–(d), phase contains a small number of stacking faults on basal
respectively. These SEM images were taken in a back- planes (Fig. 2(c)). On the other hand, the LaNi phase is5

scattered-electron imaging mode where phases with higher virtually featureless (Fig. 2(a)) except for sporadically
Ni contents are imaged darker. The LaNi alloy exhibits a observed dislocations. This is also the case for the LaNi5.0 5

single-phase microstructure consisting of the LaNi phase phase in the LaNi alloy (Fig. 2(b)). The phase with a5 4.5

(Fig. 1(a)). The LaNi alloy also exhibits essentially a composition between LaNi and La Ni phases always3.5 5 2 7

single-phase microstructure consisting of the La Ni phase contains numerous stacking faults, as seen in Fig. 2(b).2 7

(the region C), although some other phases are sporadical- Selected-area electron diffraction (SAED) patterns taken
] ]

ly observed (for example, regions E and D in Fig. 1(d)). along k1120l and k1100l directions of the LaNi phase are5

The brightness of these regions in the image together with depicted in Fig. 3(a) and (b), respectively. The SAED

Fig. 1. SEM microstructures of La–Ni alloys annealed at 9308C for 48 h; (a) LaNi , (b) LaNi , (c) LaNi and (d) LaNi alloys.5.0 4.5 4.0 3.5
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Fig. 2. TEM microstructures of La–Ni alloys annealed at 9308C for 48 h; (a) LaNi , (b) LaNi and (c) LaNi alloys.5.0 4.5 3.5

patterns taken along the corresponding directions for the with a composition between the LaNi and La Ni phases5 2 7

phase with a composition between the LaNi and La Ni (Fig. 3(c) and (d)) are consistently indexed as those from5 2 7

phases and the La Ni phase are presented in Fig. 3(c) and the La Ni phase of the Ce Co (3R)-type, in which the2 7 5 19 5 19

(d) and Fig. 3(e) and (f), respectively. The SAED patterns unit cell is composed of three block layers stacked along
from the La Ni phase (Fig. 3(e) and (f)) are consistently the c-axis with each block layer consisting of one unit2 7

indexed assuming the phase to be a polytype of the Ce Ni layer of the LaNi (Laves)-type and three unit layers of the2 7 2

(2H)-type. We did not observe any evidence for the LaNi -type. Although the occurrence of the Ce Co -type5 5 19

occurrence of the other polytype of the Gd Co (3R)-type phase has been reported in many binary systems consisting2 7

for the La Ni phase. The SAED patterns from the phase of rare-earth and transition-metals [9], this is the first2 7

] ]
Fig. 3. Selected-area electron diffraction patterns taken along k1120l and k1100l directions of LaNi (a,b), La Ni (c,d) and La Ni (e,f) phases.5 5 19 2 7
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report on the occurrence of the phase in the La–Ni binary 3.2. Defect structures in intermetallic compounds in the
system. The La Ni phase is found to be stable only La–Ni system5 19

above 10008C, since the LaNi alloy exhibits essentially a3.8

La Ni single-phase microstructure when quenched from A typical example of high-resolution TEM images of the5 19

10008C whereas when quenched from 9008C, it exhibits a La Ni phase quenched from 10008C is shown in Fig. 4(a)5 19 ]
LaNi 1La Ni two-phase microstructure. with the viewing direction parallel to [1120]. Examination5 2 7

]
Fig. 4. High-resolution TEM image of stacking faults in (a) La Ni and in (b) La Ni viewed along [1120].5 19 2 7
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of stacking positions of block layers has confirmed that the binary system is wider than that of the La Ni phase and5 19

La Ni phase is based on the 3R modification with the that the stability of the 2H modification of La Ni over5 19 2 7

ABC-type stacking sequence of block layers and revealed other possible modifications is high, unlike in the case of
that most of stacking faults on basal planes are of the the 3R modification of La Ni . The high stability of the5 19

inter-block-layer type, in which faulting in the stacking 2H modification of La Ni over other modifications is2 7

sequence of block layers occurs, keeping the number of consistent with the phase diagram assessment by Buschow
unit layers in block layers constant (one unit layer of the and van Goot [12] but not with that by Zhang et al. [8]
LaNi (Laves)-type and three unit layers of the LaNi - who inferred the occurrence of the 2H(a)–3R(b) trans-2 5

type), as their positions are indicated by arrows. Such formation at 9768C from the differential thermal analysis.
faulting mostly occurs as if one block layer is removed to
form a stacking fault of the intrinsic type. As a result, the
two-layer sequence of block layers, which corresponds to 3.3. The stability of intermetallic phases in the La–Ni
the 2H modification, is locally formed adjacent to the system
stacking fault. These may indicate that the solid-solubility
range of the La Ni phase in the La–Ni binary system is Based on the present observations, we revised the5 19

very much limited (if present) and that the energy differ- accepted phase diagram of the La–Ni binary system near
ence among different modifications of La Ni , in par- the LaNi phase [8,9] (Fig. 5(a)), as shown in Fig. 5(b).5 19 5

ticular that between the stable 3R and metastable 2H The main new aspects in the revised diagram are (i) the
modifications, is very small. presence of the La Ni phase at high temperatures around5 19

In La Ni , stacking faults of the inter-block-layer type, 10008C and (ii) the absence of the 2H(a)–3R(b) trans-2 7

which keeps the number of unit layers in block layers formation of the La Ni phase at 9768C. The La Ni2 7 5 19

constant (one unit layer of the LaNi (Laves)-type and two phase is not stable at low temperatures and decomposes2

unit layers of the LaNi -type), are also observed. However, into La Ni and LaNi phases. The decomposition occurs5 2 7 5

basal stacking faults of the inter-block-layer type are found below a temperature between 900 and 10008C. We did not
to be of the minority in La Ni and the majority of observe any evidence for the occurrence of the 3R2 7

stacking faults are of the intra-block-layer type, which is modification for the La Ni phase and thus we believe that2 7

shown in Fig. 4(b). In a particular case of Fig. 4(b), the the La Ni phase of the 2H modification is stable up to its2 7

number of unit layers in block layers are changed from melting temperature. Thus, it seems more natural to ascribe
three to six at positions indicated by arrows. We observed the a–b transformation temperature of the La Ni phase2 7

changes in the number of unit layers in block layers from [8] to the peritectoid temperature of the phase. Our revised
three to two or four in other cases. These may indicate that version of the phase diagram is consistent with the
the solid-solubility range of the La Ni phase in the La–Ni prediction by Khan [10].2 7

Fig. 5. Partial phase diagrams of the La–Ni binary system near the LaNi phase; (a) from [8] and (b) deduced from the present study.5
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4. Conclusions tion’’ from the Ministry of Education, Science, Sports and
Culture, Japan and in part by Grant-in-Aid for Scientific

1. The intermetallic phase, La Ni is found for the first Research (No. 08555162) from the Ministry of Education,5 19

time to exist as an equilibrium phase between La Ni Science, Sports and Culture, Japan. One of the authors2 7

and LaNi in the La–Ni binary system. This phase is (T.Y.) greatly appreciates the support from Research5

stable at high temperatures around 10008C and de- Fellowship of the Japan Society for the Promotion of
composes into La Ni and LaNi phases at low tem- Science for Young Scientists.2 7 5

peratures. The crystal structure of La Ni is of the5 19

Ce Co -type (3R modification) in which three block5 19
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