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Abstract 

The subsolidus phase relations of the La-Co-AI ternary system have been investigated by X-ray powder diffraction. The 
following ternary intermetallic compound and solid solutions were observed: LaCoA14, LaCo 5 xAlx (x~l) ,  LaAI 2 xCo x 
(x ~< 0.6) and LaCo13 xAl x (x ~< 3). For the LaCo13 xAl~ solid solution, when x ~< 2.7, the crystal structure is cubic NaZn13 type 
and the space group is Fm3c, Z = 8. At x = 3, there is a structural transition from the cubic NaZn~3 type to the tetragonal 
Ce2Ni~TSi 9 type (space group I4/mcm, Z = 4). The subsolidus phase relations of the ternary La-Co-A1 system can be divided 
into 18 three-phase, six two-phase and four single-phase regions. 
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1. Introduction 

LaCo13 has the highest 3d metal content of any 
known rare earth-transition metal intermetallic com- 
pound. Its T c is 1318 K and its magnetic induction at 
room temperature is 13 kG [1,2]. But, because of its 
cubic symmetry structure, it is unlikely to have an 
appreciable magnetic anisotropy. Hence, it would be 
important to search for 1:13 intermetallic compounds 
with lower symmetry. Several researchers have made 
efforts to improve the magnetic anisotropy of LaCo13- 
based intermetallic compounds by elemental substitu- 
tion [3] and different annealing treatments. According 
to various reports [4-7], up to now a lowered symme- 
try (tetragonal or orthorhombic) has been observed in 
the R(Co, Ga)l 3 (R = La, Ce, Pr), La(Co, Si)13, 
La(Fe, AI)I 3 and La(Fe, Si)l 3 systems. To our knowl- 
edge, there is no report on the subsolidus phase 
relations of the La-Co-A1 ternary system. In this 
system, there exist many well-known magnetic inter- 
metallic compounds, such as 1:1, 1:2, 1:3, 1:5, and 
1:13. It will be of significance for the research and 
possible application of these compounds to investigate 
the phase relations in the La-Co-A1 ternary system. 
Hence, we have systematically investigated the sub- 
solidus phase relations in this system. 

0925-8388/96/$15.00 © 1996 Elsevier Science S.A. All rights reserved 
SSDI 0925-8388(  95 )02194-9  

2. Experimental procedure 

The La-Co-Al  samples (116 experimental samples) 
were prepared by argon arc melting of appropriate 
amounts of the starting materials. The purity of the 
starting materials was better than 99.9%. To ensure 
the homogeneity of the samples, the ingots were 
turned upside down and melted several times. The 
weight loss of the samples was less than 1% during arc 
melting. Using the reported eutectic or peritectic 
reaction temperature of the binary compounds in the 
binary systems La-Co [8], Co-AI [9-12] and AI-La 
[9-12], the annealing temperatures of our samples 
were selected close to the above-mentioned tempera- 
tures. A temperature of 1073 K has been regarded as 
suitable when the eutectic or peritectic reaction tem- 
peratures are higher than this temperature. Otherwise 
the annealing temperature was selected at 773 K (see 
Table 3). As to the annealing method, the samples 
were wrapped with Ta foil and annealed at 1073 K for 
one month and 773 K for two months in evacuated 
quartz tubes. 

A Guinier-de Wolff focusing camera with Co Ka 
radiation (,~--1.7903.~) was used to examine the 
samples before and after annealing. The phase identifi- 
cations were performed by comparing diffraction lines 
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with J C P D S  cards. The X R D  intensity data of struc- 
tural transit ion sample LaCo ,~AI  3 were collected by a 
Rigaku automat ic  X-ray  di f f rac tometer  with Cu Ko~ 
radiat ion and graphite m o n o c h r o m a t o r  ( ,~ = 
1.5405 A) ,  opera t ing at step-scan mode  with a step of 
20 = 0.02 °. High puri ty Si was added to the samples as 
an internal s tandard to correct  the 20 posit ion for 
precise de terminat ion  of  lattice constants.  The lattice 
constants  were calculated by a s tandard  least-squares 
method.  

in the range 47 to 59 at.% At. All of  these c o m p o u n d s  
have been  observed in our  diffraction analysis. Pear-  
son [20] listed a quest ionable  high tempera ture  A1Co 3 
phase with an o rdered  cubic (L12) structure isotypic 

Table  ~ ~ 

Lisl of p l ana r  spacings,  obse rved  and ca lcu la ted  di f f ract ion inten-  

si t ies and  the resul t  of indexes  of i n t e rme ta l l i c  c o m p o u n d  L a C o  ,~AI, 

h k 1 a+~ (A) d., (A) I .... / .... 

l l 2 4.0755 4.0759 3 5 

2 l) 1! 4.0422 4.0426 9 11 

2 I I 3.4524 3.4526 6 4 

2 0 2 3.3185 3.3188 15 13 
3. Exper imenta l  results and discussion o 0 4 2.9060 2.9062 10 6 

2 2 0 2.8538 2.8536 9 8 
In the binary L a - C o  system, there are six kinds of  ~ I 4 2.5905 2.5907 20 23 

binary c o m p o u n d  [8]. These are La3Co, La~Co~ , ~ ) " 2.5649 2.5651 31 35 

(x =0 .54) ,  La2Co 3, La2Co 7 (a  and fi), LaCo~ and ~ 1 0  2.5566 2.5567 16 19 
2 I1 4 2.3595 2.3597 28 30 

LaCo~3. The  LaxCo ~ , (x = 0.54) c o m p o u n d  has been 3 1 2 2.3402 2.3403 100 100 
defined in Ref. [13] a s  L a 2 C o j  7. For La2Co 7, the 2 1 5  1.9554 1.9556 31 31 

po lymorph  transit ion tempera ture  is 1073 K. However ,  3 2 3 1.9407 1.9408 64 60 
under  our  present  exper imental  conditions, / ~ - L a 2 C o  7 0 0 6 1.9373 1.9353 5 5 

was not observed.  The existence of  LaCo~ was re- 4 1 I 1.9335 1.9365 45 40 
3 1 4 1.9195 t .9196 4 3 

por ted  in Ref. [14], whereas  elsewhere [15] LaCo~ was 4 0 2 1.9090 1.9091 3 2 
not  observed.  The samples LaCo2_~A1 , (x = 0-0 .6)  3 3 0 1.91155 1.9057 9 7 
with composi t ions  have been  investigated by X-ray 1 I 6 1.8348 1.8350 14 11 
powder  diffraction. However ,  L a C o  2 was not observed 3 3 2 1.8107 1.8108 7 6 
under  our  experimental  conditions. A n o t h e r  binary 4 2 0 1.8078 1.8079 12 10 

4 0 4 1.6593 1.6594 17 15 compound ,  La4Co 3, repor ted  in Ref. [16] was also no! 
2 2 6 1.6037 1.6038 5 7 

observed in our experiments. 3 3 4 1.5935 1.5938 6 5 

For  the binary A I - L a  system, six kinds of  binary 5 1 I~ 1.5855 1.5856 14 ll 
c o m p o u n d  have been repor ted  [9-12],  i.e. La3AI, ~ 1 ~  1.5441 1.5442 9 8 

LaAI,  LaAl  2, LaAI  3, and LaA14 (high tempera ture  4 2 4 1.5350 1.5351 10 12 
5 l 2 1.5296 1.5297 9 10 and low tempera ture  phase) and LaAI~. Accord ing  to 
0 0 8 1.4530 1.4531 3 2 

the selected anneal ing tempera ture ,  the LaAI  4 ( H T )  4 4 0 1.4292 1.4293 3 2 
and LaAI~ compounds  should not be observed.  The I 1 8 1.4082 1.4083 4 4 
LaA14 (LT)  c o m p o u n d  was defined as La3AI~j in Ref. 4 (1 6 1.3986 1.3987 5 4 

[17]. Hansen  [9] had repor ted  another  binary corn- 5 1 4 1.3918 1.3919 10 7 
pound,  La2AI ~, in the A l - L a  binary system. However ,  4 4 2 1.3878 1.3879 7 5 

- 5 3 t1 1.3864 1.3866 2 3 
the later work  of  Buschow and coworker  [17,18] and 3 3 6 1.3585 1.3586 8 9 
the assessed A I - L a  phase diagram of  Gschne idner  et b (III 1.3474 1.3475 2 1 
al. [19] made  it clear that  the La2AI  3 c o m p o u n d  does , I I 1.3205 1.3206 1 1 
not  exist. Five kinds of  binary c o m p o u n d  have been 4 4 4 1.2825 1.2825 1 2 
observed  under  our  experimental  conditions. These 6 2 (1 1.2783 1.2784 2 2 

4 1 7 1.2672 1.2673 5 6 
were La3A1 , LaAI ,  LaA12, LaA13 and La3A1L~. 5 2 5 1.2616 1.2612 4 4 

In the binary C o - A 1  system, according to Refs. 6 1 3  1.2572 1.2573 7 6 
[9-12],  there are four kinds of  intermetall ic com- 5 3 4 1.2514 1.2514 1 1 
pound.  These are A1Co, AI sCo  2, A l 1 3 A 1 4  and A I g C o  2. 

For  the A1Co compound ,  a homogene i ty  region exists 
Resul t s  o b t a i n e d  by R i e t v e l d  p o w d e r  di f f ract ion profi le  f i t t ing 
techniques .  

Tab le  1 

Var ia t ions  in lat t ice p a r a m e t e r  and  uni t  vo lume  vs. AI conten t  in La (  o~. <AI, c o m p o u n d s  

x 0 11.3 1/.6 0.9 1.2 1.5 1.8 2.1 2.4 2.7 3.0* 3.0* 

a (/k) 11.345(2) 11.332(3) 11.354(7) 11.372(5) l 1.383(I) l 1.391(41 I 1.399(1) 11.424(3) 11.460(1) 11.473(4) 8.085(1) 11.434(1) 
V(/k ~) 1460.28(11 1455.30(5) 1463.95(3) 1471.10(8) 1474.96(5) 1478.19(41 1481.1913) 1491.03(8) 1505.01(11 1510.34(6) 759.89(9) 1519.79(9) 

* At x = 3 the lattice constants of the tetragonal structure are a = 8,08511 ) A (for cubic lattice a~ = "/2a = 11.43411) A), c = ll.624(8) ,~; the unit cell volume is 
759.89(9) /~3 (the double is 1519.79(9) ,&3); the linear equation of the latticc parameter vs. AI content is a = 11.3452 + 0,0497x (x = Al content). 
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Table 3 
List of phase identifications for various composition alloys in the L a - C o - A I  ternary system 

85 

No. La (at.%) Co (at.%) AI (at.%) Phase identification Annealing temperature (K) 

1-10 7.14 73.57-92.86 0-19.29 LaCo13(c ) 1073 
11 7.14 71.43 21.43 LaCol3(t)* 1073 
12-16 7.14 64.29-70 22.86-28.57 LaCo~3(t ) + LaCo~ s) + AICo ~s) 1073 
17 7.14 50 42.86 LaAI~ s) + La2Co 3 + A1Co ~s~ 773 
18 7.14 42.86 50 LaAI~ S) + AICo ~) 1073 
19 7.14 35.71 57.15 AICo ~s~ + LaCoAI 4 1073 
20 7.14 28.57 64.29 AICo ~) + LaCoAI 4 + AI9Co 2 1073 
21 4 22 74 A113Co 4 + A19Co z + LaCoA14 1073 
22 6 6 88 AI~Co z + La3AIll + A1 773 
23 16.7 66.6 16.7 LaCo~ s) 1073 

24 16.7 50 33.3 AICo I~l + LaAI~ ) + LazCo 3 773 
25 16.7 33.3 50 AICo ~ + LaAI~ ) 1073 
26 16.7 16.7 66.6 LaCoA14 1073 
27 16.7 83.3 0 LaCo 5 1073 
28 60 20 20 La2COl 7 + LaA1 + La3A1 773 
29 40 40 20 LaAI~ S~ + LazCo 3 + La2Col 7 773 
30 40 20 40 LaAI~ S~ + LazCol 7 + LaAI 773 
31 16 4 80 La3AI H + AI9Co 2 1073 
32 20 4 76 La3AIll + AI9Co 2 + L a f o A l  4 1073 
33 24 4 72 LaAI 3 + LaAI 2 + LaCoA14 1073 
34 28 4 68 LaAI 3 + LaAI 2 + LaCoAI 4 1073 
35 33.3 60 6.7 AICo ~) + LaCo~ ~ + La2Co 3 773 
36 33.3 53.4 13.3 AICo ~ + La2Co 3 + LaAI~ ~ 773 
37 10.53 89.47 0 LaCo~3(c ) + LaCo 5 1073 
38 10.53 80 9.47 LaCot~3)(c) + LaCo~ S) 1073 
39 10.53 69.47 20 LaCo~3(t ) + LaCo~ ~) 1073 
40 10.53 60 29.47 AICo ~s~ + LaCo~ ~ + La~Co 3 773 
41 10.53 49.47 40 La2Co 3 + LaAI~ ~ + AICo ~) 773 
42 10.53 37.47 52 LaAI~ ~) + A1Co ~) 1073 
43 10.53 28 61.47 AICo ~ + LaCoAI 4 1073 
44 10.53 18 71.47 AI9Co 2 + LaCoAI 4 1073 
45 10.53 9.47 80 La3AI H + mlgCo z 1073 
46 10.53 0 89.47 La3AI H + AI 773 
47 7.14 26 66.86 A1Co ~) + LaCoAI 4 + AIsCo 2 1073 
48 7.14 20 72.86 LaCoAI 4 + Al13Co4 + A19Co 2 1073 
49 7.14 12 80.86 AI9Co 2 + La3AI H 1073 
50 0 28.57 71.43 AlsCo 2 1073 
51 0 23.53 76.47 All3Co 4 1073 
52 0 81.82 18.18 A12Co9 1073 
53 4 48 48 AICo ~) + LaAI~ s) 1073 
54 4 54 42 A1Co ~) + LaCo~ ~ 1073 
55 4 10 86 A1 + Al9Co ~ + La3A1H 773 
56 33.3 66.7 0 LazCo 7 + La2Co 3 773 
57 33.3 62.7 4 La2Co 3 + LaCo~ ~) + LazCo 7 773 
58 33.3 58.7 8 La2Co 3 + LaCo~ ~) + AICo (~) 773 
59-63 33.3 30-54.7 12-36.7 LaAI~ ~) + La~Co 3 + A1Co ~) 773 
64-69 33.3 0-20 46.7-66.7 LaAI~ ~) 1073 
70 16.7 61.3 22 LazCo 3 + LaCo~ ~ + AICo ~ 773 
71 16.7 55.3 28 A1Co ~ + La2Co 3 773 
72 16.7 46 37.3 La2Co 3 + LaAI~ ~ + AICo IS) 773 
73 16.7 40 43.3 LazCo 3 + LaAI~ ~) + AICo ~) 773 
74 16.7 28 55.3 LaAI~ ~) + A1Co ~) 773 
75 16.7 23.3 60 LaAI~ ~) + A1Co ~s) + LaCoAI 4 773 
76 18 72 10 La~Co7 + LaCo~ ~) 773 
77 24 66 10 La~Co 7 + LaCo~ ~) + LazCo 3 773 
78 16.7 77.3 6 LaCo~ ~) 1073 
79 24 48 28 La~Co 3 + LaAI~ ~) + AICo ~) 773 
80 26 26 48 LaAI~ ~) + AICo ~') 1073 
81 8 16 76 AIgCo ~ + LaCoA14 + La3AI H 1073 
82-84 2-10 4-6  86-92 AI + La3A1H + AI9Co ~ 773 
85 4 18 70 A19Co z + LaCoA14 1073 
86 4 26 70 AlsCo: + LaCoA14 1073 
87 18 8 74 La 3 AI~ + LaCoAI.  1073 
88 22.2 77.8 0 La2Co 7 1073 
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No. La (at.%) Co (at.%) AI (at.%) Phase identification Annealing temperature (K) 

89 22 54 24 A I C o  ~ + La2C % + LaAI¢2 ~) 773 

90 33.3 33.3 33.3 LaAI~: ~ + LazCo  3 + A I C o  ¢~ 773 

91 66 26 8 La~Co + La3A1 + La~Co~ 7 773 

92 68 6 26 LaAI  + LanAI + La,Co~ 7 773 

93 50 0 50 LaAt  773 

94 48 44 ~ La ,Co~ + LaAI~[ ~ + L a , C o  t 7 773 

95 48 26 26 LaAI  + LaAI~_ ~ + La~Co 17 773 
96 58 34 8 LaAI  + La3AI + La~Co~,  773 

97 54 46 0 La,Co~ 7 773 
98 57.14 42.86 It La~Co~ ~ + La~Co 773 

99 4(1 60 I~ l ~a ~ Co ~ 773 

100 52 12 36 LaAI  ÷ La~Cot  7 + LanAI 773 

101 42 8 50 LaAI  + LaAI~ ~ 773 

102 29.3 0 70.7 L a A L  + LaAI~ 773 
1(13 4 90 6 Co + L a C o ~ ( c )  1073 

104-105 2 - 4  6 8 - 7 4  24 28 Co + L a C o ~ ( t )  + A I C o  ~ 1073 

106 4 60 36 LaCo~ ~(t) + LaCo~ ~/+ A I C o  ~ 1073 

107 22.2 73.8 4 La ,Co~ + LaCo~, ~ + La2Co ~ 773 

108 40 56 4 La~Co~ + La~Co~ ~ + LaAI~ ~ 773 

109-112 75 4 21 4-21 La~Co + LanAI 773 

113 64 30 6 La ~(?o + La~Co~ ~ + La3AI 773 

114 46 34 20 LaAI~ ~ + LaAI  + L a , C o  t 7 773 
115 84 8 8 La + La~Co + La3AI 773 

116 0 25 75 A I . C o ,  + AI~3Co ~ 1073 

c and  t denote the cubic and tetragonal phases of L a C o , ,  A I  respect ively ,  s denotes solid solution. 

with A u C u  3. The later assessed A I - C o  phase diagram 
of Mcallster [21] included this AICo 3 phase, but its 
crystal structure and lattice parameters were not 

Table 4 

Phase regions and phase compositions in the La-Co-AI  ternary 
system 

Phase region Phase composition 

1 Co + LaColl \  ~ 

2 L a C o  t ~(t) + Co + AIC(¢ ~ 
3 LaGer" ~ + LaCo~ "t 

4 LaCo~ ") + L%Co7 

5 La2Co , + LaCo~ '~ + La ,Co~ 

6 La2Co ~ + LaCo~ "~ ~ A I C o  '~ 
7 LaCo~, ( t )  + LaCo¢, ~ + A1Co ~' 

8 A I C o  ~ + LaAI~: ~ + La~Co,  
9 La ,Co~ + LaAI~ ~1 + La:!Co~ 7 

10 La2Co ~ ~ + LaAI~ ~ + LaAI  

11 La2Co~ 7 + LaAI  + La,A1 

12 La2Co ~ ~ + La~A1 + La~Co 

13 La + La~Co + LanAI 
14 LaAI'2 '~ + LaA1 

15 L a A I ?  ! + A I C o  ~ 
16 A I C o  ~J + L a C o A I  4 + L a A I ,  

17 L a C o A I  4 + L a A I ,  + L a A I ,  
18 A I C o  ~ + LaCoAI~ 

19 A I C o  ¢~ + L a C o A I  4 + AI~Co,  

20 A I s C o  2 + AlL, Co 4 + L a C o A I  4 
2 l  All.~Co 4 + AI~Co:  + LaCoA14 

22 L a C o A l  4 + AIoCo,  + La3AIj~ 
23 AI~Co 2 + AI + La~AI~  

24 LaAI~ + La~AI~  + L a C o A I  4 

For the LaCo~3 phase there are two structural types, i.e. cubic phase 
(c) and tetragonal phase (t) .  

reported. This phase was not observed under our 
experimental conditions. 

In the ternary system, the ternary compound 
LaCoA14 was reported [22]. It belongs to the mono-  
clinic system with space group Pmma, and has also 
been observed by us. Under our experimental con- 
ditions, the following ternary solid solutions were 
observed. LaCo 5 xA1 (x~<l), LaA12_xCo x (x~<0.6) 
and LaCOl3 xAlx. For the LaCo13 .~AI x compounds  
(x~<2.7), the X-ray results show that their crystal 
structures are of the cubic NaZn13 type, with lattice 
parameters a = 11.345(2)-11.473(4)  A. The variations 
in lattice parameter and unit cell vo lume with A1 
content are listed in Table 1. At x = 3, a structural 
transition from the cubic NaZn13 type to the tetragon- 
al C%Ni17Si 9 type occurred. The indexing result 
indicates that the crystal structure of  LaCol0Al3 
belongs to the tetragonal space group I4/mcm, Z = 4. 
The lattice parameters are a = 8.085(1), c = 11.624(8) 
A. A comparison of  observed spacings and intensities 
with calculated ones  is made in Table 2. For x > 3.0, a 
certain amount of the AICo phase and a small amount  
of the LaCo s phase existed as secondary phases in 
addition to the tetragonal phase. 

The boundaries of  the homogenei ty  regions of  
LaCo 5 ~A1 x and LaA12_~Co x were determined using 
the disappearing phase method,  and the results 
showed that these are x = 1 for LaCos_xA1 x and x = 
0.6 for LaAI 2 xC%. The LaC% xAlx alloys, according 
to Ref. [23], are single phase for x < 1.5 when an- 
nealed at 1273 K for one week.  Compared with our 
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lO 

Lo I 

La2C° I ' ~ L o A  I 

• o,co, , . / °  \ \ 8 

Fig. 1. The subsolidus phase relation diagram of the La-Co-A1 
ternary system. 

results, the homogeneity region seems larger. The 
reason might be a different annealing temperature and 
period. In general, homogeneity regions tend to shrink 
with decreasing annealing temperature. For the cubic 
LaCo13_xAl~ compounds, we obtained a similar result 
regarding the homogeneity region. According to the 
results of Ido et al. [3] the homogeneity region of 
cubic LaCo13_xAIx exists for x < 3.9, which is larger 
than our limit (x ~< 2.7). 

A list of alloy compositions and observed phases 
under the applied annealing conditions of all examined 
samples is given in Table 3. According to the results of 
the XRD analysis, the whole ternary La-Co-AI  sys- 
tem can be divided into 18 three-phase, six two-phase 
and four single-phase regions. The phase regions and 
phase compositions are listed in Table 4. Fig. 1 shows 
the subsolidus phase relations of the ternary L a - C o -  
AI system. 

4. Conclusions 

The subsolidus phase relations of the ternary La-  
Co-A1 system have been determined by X-ray powder 
diffraction. There is one ternary intermetaUic com- 
pound, LaCoA14, and three ternary solid solutions, i.e. 
LaCos_xAl x (x<~l),  LaAl2_xCO x (x~<0.6) and 
LaCo13_xAlx (x~<3). For LaCo13_xAIx, the crystal 
structure is cubic NaZnt3 type for x ~< 2.7. For x = 3, a 
structural change from a cubic NaZn13 to a tetragonal 
Ce2Ni17Si 9 type structure occurs. The space group of 
the tetragonal phase is I4/mcm, Z = 4 and the lattice 

parameters of the tetragonal LaCol0Al3 are  a = 
8.085(1), c = 11.624(8) ,~,. The whole ternary L a - C o -  
AI system can be divided into 18 three-phase, six 
two-phase and four single-phase regions. 
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