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Abstract

The Ce–Si phase diagram was constructed by means of differential thermal, X-ray and metallography examination of 15 as-cast key
alloys. Ce Si , Ce Si , Ce Si , CeSi were confirmed. Two cerium disilicides were found, CeSi (a-GdSi structure type) and5 3 3 2 5 4 22a1 2

CeSi (a-ThSi structure type). The two-phase region CeSi1CeSi is very narrow. CeSi and CeSi melt congruently at22a2 2 22a1 22a2 22a1

1630 and 17258C, respectively. The intermetallics Ce Si , Ce Si , Ce Si , CeSi form in peritectic reactions at 1260, 1335, 1500 and5 3 3 2 5 4 22a2

|15758C, respectively. Three eutectics occur at 635, 1532612 and 119862 8C and the compositions 10.5, 55 and 82 at% Si, respectively.
   2002 Elsevier Science B.V. All rights reserved.
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1 . Introduction from 64 to 66.7 at% Si. Yashima and Sato [9] showed the
compound Ce Si (or CeSi ) to contain 63 at% Si3 5 22x

The Ce–Si system shown in Ref. [1] is based mainly on instead of 62.5 according to Massalski [1].
the data of Benevovsky et al. [2]. The following cerium Buyanov et al. [10] believe the interpretation of the
silicides were established to form in the system: Ce Si character of phase equilibria in the region 62.5–66.7 at%5 3

(Cr B structure type) [3], Ce Si (U Si ) [4], Ce Si Si [1] to be doubtful, and assume the formation of only the5 3 3 2 3 2 5 4

(Zr Si ) [5], CeSi (FeB) [6], Ce Si (a-GdSi ) [6], CeSi disilicide CeSi with a homogeneity range of 62.5–66.75 4 3 5 2 2 22a

(a-ThSi ) [7]. at% Si which undergoes a polymorphous transformation.2

In Ref. [2] the exact composition of cerium disilicide The structuresa-ThSi anda-GdSi were ascribed to the2 2

with a-GdSi structure type was not established. high- and low-temperature modifications of the compound.2

Benevovsky et al. [2] designated it CeSi thus specifying Houssay et al. [11] report a continuous transitiona-22x

a deficiency of silicon. As a result of an evaluation of the ThSi→a-GdSi when the silicon content decreases, the2 2

available information, Munitz et al. [8] ascribed to this homogeneity region being from 61.5 to 67 at% Si.
compound the composition Ce Si , as it is given in Ref. For the related system Pr–Si, Boutarek et al. [12] report3 5

[1]. three individual compounds O , O , and Q in the con-1 2

According to Ref. [1], Ce Si , Ce Si , Ce Si , CeSi and centration interval 61.5–66.7 at% Si. The homogeneity5 3 3 2 5 4

CeSi melt congruently at 1400, 1390, 1440, 1470 and regions were shown to be: O561.8–63.0 at% Si; O52 1 2

16208C, respectively. Ce Si forms due to the peritectic 64.3–65.2 at% Si; Q565.4–66.3 at% Si. The compounds3 5

reaction L1CeSi ↔Ce Si at|15608C. The mode and O and O were shown to crystallize in the orthorhombic2 3 5 1 2

temperature of this compound formation was not estab- a-GdSi -type structure. For the silicon-richest compound2

lished by Benevovsky et al. [2]. The Ce- and Si-rich Q the tetragonala-ThSi structure has been reported. The2

eutectics are shown to crystallize at 6508C (8 at% Si) and O compound was shown to melt congruently, the O is2 1

at 12008C (87 at% Si), respectively. supposed to form via a solid-state reaction. For the Q
In accordance with Ref. [1], all the compounds, except compound two ways of formation were discussed: O12

CeSi are line phases. The homogeneity region of CeSi is kSil↔Q and L1O ↔Q.2 2 2

For the other related system La–Si we have recently
shown existence of two individual compounds in the*Corresponding author.

E-mail address: bulanova@materials.kiev.ua(M.V. Bulanova). concentration interval 62 to 67 at% Si [13] instead of one
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compound LaSi discussed in Ref. [10]. The new the Ce–Si system is shown in Fig. 1. The temperatures of22a

compounds were named LaSi and LaSi , thus the invariant equilibria were estimated using a linear22a1 22a2

specifying their location within the homogeneity range of correlation of invariant temperatures versus the melting
the previously accepted compound LaSi . LaSi points of the rare earths as reported in Ref. [16].22a 22a1

melts conguently and crystallizes in thea-GdSi structure. Thus, the goal of the present work is to verify the above2

The Si-richest compound LaSi with thea-ThSi prognosis of the Ce–Si system by studying a minimum22a2 2

structure forms via the peritectic reaction L1 number of as-cast alloys.
LaSi ↔LaSi . A similar character of phase equilib-22a1 22a2

ria in the concentration range under discussion can be
expected for the Ce–Si system, as well. 2 . Experimental procedure

Analysis of R–Si systems has shown that:
The Ce–Si system was studied on as-cast alloys of 15

1. Congruent melting is not typical for the compounds compositions. The alloys were prepared from Ce (99.4%)
R Si , R Si and R Si of the light rare earths. and Si (99.999%) by arc-melting and studied by X-ray5 3 3 2 5 4

Therefore the question of the way of formation of diffraction, metallography, DTA analyses and, for a few
Ce Si , Ce Si and Ce Si is open. samples by the Pirani–Altertum (P–A) method, as de-5 3 3 2 5 4

2. The congruent melting temperatures of the compounds scribed in Ref. [13].
CeSi and CeSi [1] (1470 and 16208C, respectively)2

seem to be rather low, as the related compounds LaSi,
PrSi, LaSi and PrSi melt at 1620, 1657, 1730 3 . Results and discussion22a1 22a

and 17128C, respectively [13,14].
The alloy compositions and phase compositions of the

Thus, the Ce–Si system needs additional experimental samples studied are given in Table 1 together with the
research. phase transformation temperatures. The Ce–Si phase dia-

Based on the concept of a regular variation of the R–Si gram resulting from our study is shown in Fig. 2. The
phase diagrams, as shown in Ref. [15], our prognosis of existence and the crystal structures of the compounds

Fig. 1. Predicted Ce–Si phase diagram.
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Table 1
Composition and phase content of as-cast Ce–Si alloys and phase transformation temperatures

Alloy composition Phase content Thermal analysis results (8C)

(at% Si)
Liquidus L↔kg-Cel L1Ce Si L1Ce Si L1CeSi L↔CeSi L1CeSi L1CeSi L1CeSi L↔CeSi3 2 5 4 22a1 22a2 22a1 22a2

]]] ]]]
1Ce Si ↔Ce Si ↔Ce Si ↔Ce Si 1CeSi CeSi CeSi ↔CeSi 1kSil5 3 5 3 3 2 5 4 22a1 22a1 22a2 22a2

10.0 kg-Cel1eutectic (kg-Cel1Ce Si ) 655 635 – – – – – – – –5 3

12.0 Ce Si1eutectic (kg-Cel1Ce Si ) 775 635 – – – – – – – –5 3 5 3
a37.5 Ce Si1Ce Si 1eutectic (kg-Cel 1Ce Si ) 1440 – 1260 1340 – – – – – –5 4 5 3 5 3

39.9 Ce Si1Ce Si 1500 – 1260 1330 – – – – – –3 2 5 3

44.4 CeSi1Ce Si 1575 – – – 1485 – – – – –5 4

47.8 CeSi1Ce Si 1605 – – – 1515 – – – – –5 4

50.1 CeSi 1630 – – – – 1520 – – – –

53.0 CeSi1eutectic (CeSi1CeSi ) 1605 – – – – 1545 – – – –22a1

61.1 CeSi 1eutectic (CeSi1CeSi ) 1680 – – – – 1530 – – – –22a1 22a1

62.6 CeSi 1720 – – – – – 1665 – – –22a1

64.1 CeSi 1715 – – – – – – 1315 – –22a2

66.7 CeSi 1695 – – – – – – – 1560 120022a2
b68.0 CeSi 1eutectic (CeSi 1kSil) 1665 – – – – – – – 1590 120022a2 22a2

75.0 CeSi 1eutectic (CeSi 1kSil) 1455 – – – – – – – – 119522a2 22a2

90.0 kSil1eutectic (CeSi 1kSil) 1320 – – – – – – – – 119522a2

a Temperature taken on cooling.
b Solidus temperature determined by the P–A method.

Ce Si , Ce Si , Ce Si and CeSi were confirmed. Two crystal structure data and the lattice parameters of the5 3 3 2 5 4

cerium disilicides were found to form named CeSi and compounds are shown in Table 2. Our results and literature22a1

CeSi in a similar way as in the La–Si system. The data are presented.22a2

Fig. 2. Ce–Si phase diagram resulted from this investigation: (^) DTA data at heating, (\) DTA data at cooling, (h) literature data, (�) solidus
temperature according to Pirani–Altertum data.
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Table 2
Crystal structure data of cerium silicides

˚Phase Structure Unit cell dimensions (A) Remarks Reference

a b c

Ce Si Tetragonal Cr B 7.89 – 13.77 [17]5 3 5 3

7.87860.004 – 13.6760.01 60.1Ce–39.9Si This work
Ce Si Tetragonal U Si 7.79 – 4.36 [17]3 2 3 2

7.78060.006 – 4.36760.006 60.1Ce–39.9Si
Ce Si Tetragonal Zr Si 7.93 – 15.04 [17]5 4 5 4

7.93560.003 – 15.0460.01 62.5Ce–37.5Si This work
7.93660.001 – 15.02960.005 55.6Ce–44.4Si This work
7.93660.006 – 14.9860.02 52.2Ce–47.8Si This work

CeSi Orthorhombic FeB 8.302 3.962 5.964 [17]
8.28860.004 3.96460.002 5.95260.003 52.2Ce–47.8Si This work
8.29860.004 3.96160.002 5.95960.002 49.9Ce–50.1Si This work
8.29560.003 3.96160.001 5.95860.002 47Ce–53Si This work
8.28460.003 3.96060.002 5.95460.003 38.9Ce–61.1Si This work

CeSi Orthorhombica-GdSi 4.19 4.13 13.92 [17]22a1 2

4.19060.003 4.11360.003 13.90660.007 47Ce–53Si This work
4.18360.002 4.10560.002 13.91260.005 38.9Ce–61.1Si This work
4.18960.001 4.10960.001 13.91760.003 37.4Ce–62.6Si This work

CeSi Tetragonala-ThSi 4.27–4.16 – 13.88–13.84 [17]22a2 2

4.15460.001 – 13.82260.005 35.9Ce–64.1Si This work
4.19260.001 – 13.91360.005 33.3Ce–66.7Si This work
4.18860.001 – 13.89760.005 32Ce–68Si This work
4.18960.001 – 13.92060.008 25Ce–75Si This work
4.18560.002 – 13.90760.008 10Ce–90Si This work

According to the results obtained, CeSi and CeSi CeSi . As derived from the X-ray examination, the22a1 22a1

melt congruently at 1630 and 17258C, respectively. The mono- and disilicide with the structures of FeB anda-
compounds Ce Si , Ce Si and Ce Si form via peritectic GdSi , respectively, take part in the eutectic reaction. The5 3 3 2 5 4 2

reactions at 1260, 1335 and 15008C, respectively. relative quantity of the eutectic in the alloy with 53 at% Si
Three eutectic equilibria occur in the Ce–Si system: is higher than in the alloy with 61.1 at% Si, implying the

eutectic composition to be more close to the alloy with 53
L↔kg-Cel1Ce Si at 6358C and 10.5 at% Si5 3 at% Si. The intersection of the primary crystallization

curves of the phases CeSi and CeSi with each other22a1

L↔CeSi1CeSi at 1532612 8C and 55 at% Si and with the invariant eutectic horizontal allows to con-22a1

clude that eutectic contains|55 at% Si.
The concentration intervals of CeSi and CeSi22a1 22a2L↔CeSi 1 kSil at 119862 8C and 82 at% Si22a2

were determined by comparing the microstructures of the
alloys with 61.1 to 66.7 at% Si (Fig. 3e–h). According toThe last temperature corresponds well to the data of Ref.
these microstructures, all the samples are single-phase.[2].
However, the alloys with 61.1 and 66.7 at% Si containThe location of the invariant points was determined on
small quantities of the eutectics (CeSi1CeSi ) andthe basis of microstructure examination (Fig. 3). Thus, in 22a1

(CeSi 1kSil), respectively. This is confirmed by thethe alloys with 10 and 12 at% Si (Fig. 3a,b) small amounts 22a2

appearance of small thermal effects in the DTA curves atof the primary phases and large amounts of the eutectic
1530 and 12008C, respectively. Thus, the Si-poor bound-were observed. As the morphology of the primary grains is
ary of the homogeneity range of the CeSi phase isdifferent, it is concluded that the eutectic composition is 22a1

located between 61.1 and 62.6 at% Si. The Si-richlocated between the compositions of the mentioned alloys.
boundary of the homogeneity range of the CeSi phaseAccording to the X-ray diffraction results the above 22a2

is located at the composition 66.7 at% Si. These confirmeutectic containsg-Ce and Ce Si .5 3

the results of Ref. [11] concerning location of theA comparison of the microstructures of the alloys with
boundaries of the homogeneity region of CeSi at 61.553 and 61.1 at% Si (Fig. 3c,d) reveals a different character 22a

and 66.7 at% Si.of the primary grains in the two alloys: light-gray in the
Based on the results of our X-ray examination (Table 2)alloy with 53 at% Si (Fig. 3c) and bright with the traces of

it can be seen thata and c lattice parameters of ceriumsolid-state transformations in the alloy with 61.1 at% Si
disilicide with a-GdSi structure measured for the alloy(Fig. 3d,e). So, the alloys are located on both sides of the 2

with 62.6 at% Si are essentially higher than those ofinvariant eutectic point of the equilibrium L↔CeSi1
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Fig. 3. Microstructures of as-cast Ce–Si alloys: (a) 10.0 at% Si,3250, kg-Cel1eutectic (kg-Cel1Ce Si ); (b) 12.0 at% Si,3500, Ce Si1eutectic5 3 5 3

(kg-Cel1Ce Si ); (c) 53.0 at% Si,3250, CeSi1eutectic (CeSi1CeSi ); (d) 61.1 at% Si,3250, CeSi 1eutectic (CeSi1CeSi ); (e) 61.1 at% Si,5 3 22a1 22a1 22a1

3500, CeSi ; (f) 62.6 at% Si,3250, CeSi ; (g) 64.1 at% Si,3250, CeSi ; (h) 66.7 at% Si,3250, CeSi ; (i) 68.0 at% Si,3250,22a1 22a1 22a2 22a2

CeSi 1eutectic (CeSi 1kSil).22a2 22a2
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Table 3 systems, we consider the phases witha-GdSi anda-ThSi2 2
Comparison of the predicted and experimental temperatures of invariant structures to be individual compounds named CeSi and22a1reactions in Ce–Si system

CeSi , rather than polymorphous modifications of the22a2
Phase transformation Temperature (8C) same compound CeSi .22a

Predicted Experimental Concluding, the present experimental results and the
predicted phase diagram (Fig. 1) correspond well. Table 3L↔kg-Cel1Ce Si 625625 6355 3

shows the comparison of the temperatures of invariantL1CeSi↔Ce Si 1460610 15005 4

L↔CeSi 1590615 1630 reactions as predicted and as determined experimentally.

disilicide witha-ThSi structure in the alloy with 64.1 at%2 R eferencesSi. Therefore a continuous transition between the two
structures as reported in Ref. [11] is hardly possible. Then

[1] T.B. Massalski (Ed.), Binary Alloy Phase Diagrams, 2nd Edition,thermal effects at|15758C can be attributed to the
ASM International, Metals Park, OH, 1990.

invariant equilibrium L1CeSi ↔CeSi . Hence,22a1 22a2 [2] F. Benesovsky, H. Nowotny, W. Rieger, H. Rassaerts, Monatsh.
congruent melting is valid for the CeSi phase with Chem. 97 (1966) 221–229.22a1

[3] E.I. Gladyshevsky, P.I. Kripyakevich, Izv. AN SSSR. Neorg. Mater.a-GdSi structure, as it was observed in the La–Si system2
(in Russian) 1 (1965) 702–705.[13]. The distectic point occurs at a composition of about

[4] E.I. Gladyshevsky, Izv. AN SSSR. Neorg. Mater. (in Russian) 163 at% Si.
(1965) 706–710.

The boundaries of the two-phase field CeSi122a1 [5] G.S. Smith, A.G. Tharp, Q. Johnson, Acta Crystallogr. 22 (1967)
CeSi are located between 62.6 and 64.1 at% Si. The 940–943.22a2

[6] E.I. Gladyshevsky, P.I. Kripyakevich, J. Struct. Khim. (in Russian) 5results obtained did not allow us to establish their exact
(1964) 853–859.location. The stripped nature of the grains in the micro-

[7] W.H. Zachariasen, Acta Crystallogr. 2 (1949) 94–99.structures of the alloys with 61.1 to 64.1 at% Si (Fig.
[8] A. Munitz, A.B. Gokhale, G.Y. Abbaschian, Bull. Alloy Phase

3e–g) resulting from solid-state transformations allow us Diagr. 1 (1989) 73–78.
to conclude that the two-phase field boundaries shift [9] H. Yashima, T. Satoh, Solid State Commun. 10 (1982) 723–727.

[10] Yu.I. Buyanov, T.Ya. Velikanova, S.P. Luzan, P.S. Martsenyuk, R.I.towards Si-poorer compositions when the temperature
Polotskaya, V.R. Sidorko, Peculiarities of Interaction of Rare Earthdecreases. So, the alloy containing 62.6 at% Si at high
Metals with Silicon, Preprint FIPM, Kiev, 1997, in Russian.temperatures is located in the CeSi single-phase field22a1 [11] E. Houssay, A. Ronault, O. Thomas, R. Madar, J.P. Senateur, Appl.

and at lower temperatures in the CeSi single-phase22a2 Surf. Sci. 38 (1989) 156–161.
field. The absence of traces of the solid-state transforma-[12] N. Boutarek, J. Pierre, B. Lambert-Andron, Ph. L’Heritier, R.

Madar, J. Alloys Comp. 204 (1994) 251–260.tion in the microstructures of the alloys with 66.7 and 68
[13] M.V. Bulanova, P.N. Zheltov, K.A. Meleshevich, P.A. Saltykov, G.at% Si (Fig. 3h,i) is probably due to crystallization closer

Effenberg, J.-C. Tedenac, J. Alloys Comp. 329 (2001) 214–223.to the more equilibrium of these alloys. Thus, the homo-
[14] V.N. Eremenko, K.A. Meleshevich, Yu.I. Buyanov, Izv.VUZ Tsvent.

geneity region of CeSi becomes narrower when the22a1 Metall. (in Russian) 3 (1986) 82–87.
temperature decreases. This agrees with data [2] corre-[15] M.V. Bulanova, A.N. Mikolenko, K.A. Meleshevich, G. Effenberg,

P.A. Saltykov, Z. Metallk. 90 (1999) 216–222.sponding to the absence of a homogeneity region of the
[16] M.V. Bulanova, P.S. Martsenyuk, Poroshk. Metall. (in Russian) 5phase witha-GdSi structure.2

(1991) 82–85.Based on the absence of thermal effects in the range
[17] E.I. Gladyshevsky, Crystal Chemistry of Silicides and Germanides,

CeSi1CeSi at temperatures lower than the solidus,22a1 Metallurgy, Moscow, 1971, in Russian.
and also by analogy with the La–Si [13] and Pr–Si [12]
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