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Abstract

New cubic leucite-type compounds, CsSMZ (M=B Al 5,Aly sF€, o), CSMSIis0,, (M=Cd,
Mg, Ni, Zn) have been synthesized by the two-stage heat treatment of the solid-state reaction. The
thermal expansion properties of the synthesized leucite-type compounds have been studied with
HTXRD and LTXRD in the temperature range of 123 to 1273 K. The thermal expansion rate of
CsB, Al sSi,04 was found to be considerably smaller than that of Cs8lSiwhile the thermal
expansion property of G8Si;O,,(M=Mg, Zn, Cd) was found to have a linear relationship in the
temperature range of 298 to 1273 K. By using Rietveld analysis it was found that the thermal ex-
pansion rate decreased with increasing the Si—~O—-M(Si) angle for cubic leucite-type compounds at
298 K, and that the phase transitions of Csfigiand Cg Al ¢Si, 05 Were due to the relation-
ship between the bond angle of Si—-O-M(Si) of the three-dimensional framework structure and the
space ratio in the unit cell at 298 K.
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Introduction

Fused silica (Sig), cordierite (MgAl4SisO1g), andp-spodumene (LiAISOg)
were known as the lower thermal expansion materials. However, cubic silicate com-
pounds have not been studied as the lower thermal expansion materials.

Cubic CsMSjOg (M=B, Al, Fe) with space group la-3d and tetragonal MATGi
(M=K, Rb) with space group {#& have a three-dimensional aluminosilicate frame-
work structure composed of 32 Si@trahedra and 16 MQetrahedra with 16 alka-
line cations occupying large 12-coordinate cavities in the unit cell [Thg]ther-
mal expansion properties of cubic CsBE%, CsAISpOs, and CsFe3Dg were
known to be different from each other [3]. The thermal expansion rates decreased
with increasing ionic radius of #ion.

KAISi,0Og and RbAISjOg [4—6] undergo the phase transition of tetragonal to cu-
bic in the temperature rangefs873 to 913 and of 583 to 673 K, respectively, while
CsAISKLOg is cubic above 298 K and has undergone the phase transition at about
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273 K [7]. The mean linear thermal expansion coefficient of Cs@iSs about
10010°9K in the temperature range of 298 to 473 K, and that of Cs®¢3$ about
2.210°9K in the temperature range of 473 to 1273 K [3, 7, 8].

In this work, various new cubic leucite-type compounds, CsOISi
(M:BO.ZAIO.8 AlozFQ)g), CSzMS|50j_2 (M:Cd, Mg, Ni, Zn), and CSM@G (M:B,
Al, Fe) have been prepared by the two-stage heat treatment of the solid-state reaction
[8, 9], and then the thermal expansion properties, which have not been reported ex-
cluding CsMSjOg (M=B, Al, Fe), have been studied. Also, the relationship between
the thermal expansion property and the phase transition of tetragonal to cubic for the
synthesized leucite-type compounds have been investigated from the viewpoint of
the crystal structure.

Experimental

Synthesis of leucite-type compounds with cubic symmetry
Synthesis of CsM$0Dg (M=B, Al, Fe, B, Al g Alg.oFe; o

The single phases of CsMB&g (M=B, Al, Fe, BAlygg AlgFeag and
Cs.Alp.sSip 106 were synthesized by the two-stage heat treatment [8] of the mixed
powder of CsNQ@, SiO,(a-quartz) and BBOs, y-Al,03 and FgOs, which was given
as molar ratios of Cs/M=1.0/1.0, M/Si=1.0/2.0, and Al/Si=0.9/2.1 for
C5.Alp.sSib 106 The mixed powders were calcined in an@y crucible at 873 to
973 K for 24 h in air, and then the calcined powder were heated at 1173 to 1673 K
for 2 to 10 hin air [8].

Synthesis of C8MSiz0,, (M=Cd, Mg, Ni, Zn)

The single phases of @4SisO,, (M=Cd, Mg, Ni, Zn) were synthesized by the
two-stage heat treatment [9] of the mixed powder of C$NBIO,(a-quartz) and
MO (M=Cd, Mg, Ni, Zn), which was given as molar ratios of Cs/M=2.0/1.0 and
M/Si=1.0/5.0. The mixed powders were calcined at 973 to 1073 K for 20 to 40 h in
air until the cubic C8MSisO,, (M=Cd, Mg, Ni, Zn) phase with space group la-3d
was identified with XRD, and then they were heated at 1273 to 1573 K for 20 h in
air [9].

Thermal expansion property of the synthesized leucite-type compounds

Thermal expansion properties, upon heating, of the synthesized leucite-type
compounds were investigated in the viewpoint of the change of the lattice constants
with temperatures. The lattice constants of the synthesized leucite-type compounds
in the temperature ranges of 123 to 298 K and 298 to 1273 K were examined by low-
temperature X-ray diffraction (LTXRD; MXP18VA equipped with monochrometer,
CuKg, 40 kV, 200 mA, MAC Science, Yokohama, Japan) and high-temperature X-
ray diffraction (HTXRD; MXP18VA equipped with monochrometer, GuKO kV,

200 mA, MAC Science, Yokohama, Japan), respectively.
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The lattice constants of cubic leucite-type compounds with temperatures were
calculated, followed by holding the sample for five minutes, from éheaflie by the
least-squares method with the six peaks of (332),(440),(532),(631),(721) and (732)
planes appearing at & ?f 25 to 55, which were corrected using Si as the external
standard at the scanning speed ®Mmin™ in the temperature range of 298 to
1273 K. Measuring sample was set in a Pt holder contacting with a thermocouple.

Rietveld analysis

XRD patterns of the synthesized leucite-type compounds were obtained by the
FT method (Cuk, 40 kV, 200 mA, fixed time: 1 s, step: 0.03) dhe fractional co-
ordinates for the synthesized leucite-type compounds were refined with the Rietveld
analysis (software: RIETAN94) [10, 1fgr the XRD patterns at 298 K.

Results and discussion

Thermal expansion property of the synthesized Cg®IM=B, Al, Fe,
Bg sAlg 8 Aly JFep g and CsMSisO,, (M=Ni, Zn, Mg, Cd)

The synthesized leucite-type compounds, CsRSIM=B, Al, Fe, B Algg
Alg e 9 and CsMSisOq, (M=Ni, Zn, Mg, Cd), were considered as cubic with
space group la-3d from the measured XRD patterns at 298 K, and Fig. 1 shows the
XRD patterns of the synthesized MSis0O;, (M=Ni, Zn, Mg, Cd) at 298 K. The
change of lattice constants of the synthesized leucite-type compound was investi-
gated in the temperature range of 298 to 1273 K by using HTXBRngles for
each diffraction line of cubic leucite-type compounds decreased with increasing
temperature due to the thermal expansion without phase transitions. From the re-
sults, the synthesized leucite-type compoundse found to be cubic with space
group la-3d above 298 K.
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Fig. 1 XRD patterns of the synthesized ®SisO1> (M=Cd, Mg, Ni, Zn) powder.
a— CstSEOlz, b - CSMgSisolz, C— CSMZnSisolz, d-— CSNiSisOlz
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The thermal expansion properties of the synthesized GEM8VI=B, Al, Fe,
Bo Algg Alg & 9 in the temperature range of 298 to 1073 K were investigated and
the results are shown in Fig. 2. At 298 K the synthesized GORSTLsAISLOg and

0.6
M=Fe
0.5
ie M=Alo oFeo z
R
®
- - M=AL
5
% 03 . =B
& M=Bo 2Alo s
O
>
_o2r
(0]
£
o
S
6o T 0

200 400 600 800 1000 1200 1400
Temperature / K

Fig. 2 Thermal expansion property of the synthesized Cs®SiM=B, Al, Fe, B 2Alo s,
Alo JFen g) with cubic symmetry, space group la-3d, in the temperature range of 298 to
1073 K
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Fig. 3 Thermal expansion property of the synthesized Cs®tSM=B, Al, Fe) and
CsMSis012 (M=Ni, Mg, Zn, Cd) with cubic symmetry, space group la-3d, in the tem-
perature range of 298 to 1273 K
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CsFeSjOg had the lattice constants af1.2991,a=1.3682 anda=1.3834 nm, re-
spectively. The lattice constant and the thermal expansion property of the synthe-
sized CsMSIOg (M=B, Al, Fe)in the temperature range of 298 to 1073 K were al-
most similar to those reported [3, 7, 8]. The lattice constants of the synthesized
CsAly F e 51,0 and CsB Al SiOg were a=1.3585 anda=1.3805 nm, respec-
tively, at 298 K. The thermal expansion rate of the synthesized,@&#lsSi>Og
was found to be slightly smaller than that of CsE®§in the temperature range of
298 to 1273 KOn the other hand, the thermal expansion rate of the synthesized
CsBy Al gSi,Og was found to be considerably smaller than that of CsBESI

The thermal expansion properties of the synthesizei&igO,, (M=Ni, Mg,
Zn, Cd) in the temperature range of 298 to 1273 K were investigated and the results
are shown in Fig. 3. At 298 K the synthesized,NISis0;; Cs$MQgSisO;o,
CsZnSis01, and CsCdSEO,, had the lattice constants af1.3640,a=1.3679,
a=1.3660 and=1.3780 nm, respectively. It was found that the thermal expansion
properties of the synthesized 8tSis0,, (M=Mg, Zn, Cd) showed a linear relation-
ship in the temperature range of 298 to 1273 K, andNiS&0,, was similar to
CsAISKOg.

Phase transition of the synthesized Cs/giand Cg ¢Aly ¢Sk 10g

In the temperature range of 123 to 298 K, XRD patterns of the synthesized
CsAISihOg and CgAlg oSir 10O were investigated using LTXRD. The results are
shown in Figs 4 and 5. The diffraction lines for the synthesized C£2¢8iere split
under 248 K. On the other hand, the diffraction lines of the synthesized
Cs.Alp.sSir 106 were split under 173 K, which is about 75 K lower than that of
CsAISKhOg. KAISI,Og and RbAIS}Og, which were tetragonal system at 298 K, had
the changes of the diffraction lines with increasing temperature by the phase transi-
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Fig. 4 Change of XRD pattern for CsAlg) in the temperature range of 123 to 298 K
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Fig. 5 Change of XRD pattern for GgAl, ;Si, ;04 in the temperature range of 123 to 298 K

tion [4-6]. Therefore, it was found that the synthesized Cs@AlSiand
Cs.Alg Sin 10g underwent a phase transition of tetragonal to cubic, and the phase
transition temperature were 248 and 173 K, respectively.

In Fig. 6, CsAISjOg showed that the lattice constant of a-axis increased and that
of c-axis decreased with increasing temperature in the temperature range of 123 to
273 K, followed by the phase transition of tetragonal to cubic at 273 K, and then
showed the large thermal expansion in the temperature range of 273 to 473 K.
Cs Alg oSin 1Op also showed that the lattice constant of a-axis increased and that of
c-axis decreased with increasing temperature in the temperature range of 123 to
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Fig. 6 Change of lattice constants for the synthesized CsBé3ind Cs 9Alo ¢Si2 106 in the
temperature range of 123 to 1273 K
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173 K, followed by the phase transition of tetragonal to cubic at 173 K and showed
the large thermal expansion in the temperature range of 173 to 323 K. The mean lin-
ear thermal expansion coefficient of the synthesize@d A&lgSir O was
2.0510 %K in the temperature range of 298 to 1273 K. CsBghas been known as

one of cubic leucite-type compounds having the lowest thermal expansion
(2.7910°%K, RT11073 K) above 298 K [3]. However, £#\lo Sk, 10 had a lower
thermal expansion rate than CsB¥above 298 K. A lower thermal expansion rate

of Cg.Alg oSip 106 in the temperature range of 298 to 1273 K was due to the lower
phase transition temperature about 75 K lower than that of the synthesized
CsAISbOgfollowed by the large thermal expansion. Therefore, it was found that de-
creasing the number of Cwns of CsAISjOg was effective for decreasing the ther-
mal expansion rate. The same effect was observed for the synthesized,RRAISI
Rbgy Al oSir 10g and Ri Al 6Sir g in the temperature range of 673 to 1273 K
[20].

In Fig. 7, the two solid lines showed the thermal expansion properties for the syn-
thesized CsBSDg and CsFe$0Dg in the temperature range of 123 to 1273 K, re-
spectively. The splitting of the diffraction lines for CsB3j and CsFe%$Dgwas not
observed in the temperature range of 123 to 298 K. It was thought that the negative
thermal expansion rate of CsBSj was due to the anisotropic thermal displace-
ments of oxygen atoms in the unit cell, similatguartz [21]. On the other hand,
the thermal expansion rate of the synthesized CsBgldithe temperature range of
123 to 298 K was larger than that of Csf%i By considering the size difference of
tetrahedral cation in the unit cell of cubic leucite-type compound, it was suggested
that the thermal expansion property for cubic leucite-type compounds were influ-
enced by the framework in the unit cell.
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Fig. 7 Thermal expansion property of the synthesized Cs®SM=B, Al, Fe) and
C.6Al.6Si.106 in the temperature range of 123 to 1273 K
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Effective factor of thermal expansion property

Rietveld analysis [10, 11] was performed for the synthesized cubic leucite-type
compounds at 298 K.he refined fractional coordinates and thermal isotropic dis-
placement parameter (B) for CsAJSk are shown as an instance in Table 1. Crystal
structure of the lower half of the unit cell for cubic leucite-type compounds with
space group la-3d is shown in Fig 8. The bond angles between tetrahedal cations, Si
or M (M=B, Al, Fe, Ni, Mg, Zn, Cd), and O were calculated at 298 K. It was consid-
ered the bond angles of Si—-O-M(Si) influenced upon the lattice constants of the cu-
bic leucite-type compounds. Figure 9 shows the relationship between the bond angle
of Si—O-M(Si) and average radius [22] which was calculated by the Eq. (1) for
CsMSpOg (M=B, Al, Fe, B Algg Alg Fe .9 or (2) for CsMSis0,, (M=Ni, Mg, Zn,

Cd).

Table 1 Refinement data for cubic CsAlS); at 298 K la-3d (No. 230p=1.36735 (2) nm

Atom Sité o X y z B/nn?’

Cs 16b 1.0 1/8 1/8 1/8 0.033(1)
AlLSi  48g 1.0 0.6628(f) 0.5872(7)  1/8 0.014(2)
o 96h 1.0 01020(9)  0.1341(9)  0.7202(9)  0.020(4)

Rwp10.51,R=7.28,R:=10.70,R =6.98,5-1.5047 R =2.29 andR=1.82
& Multiplicity and Wykoff notation
Occupancy
® Numbers in parentheses are the standard deviations in the last decimal place

(M, Si)04 Cs™t

Fig. 8 Crystal structure of the lower half of the unit cell for a cubic leucite-type compound
with space group la-3d. Open circles and tetrahedra represeinngsnd (M, Si))@
tetrahedra, respectively
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Average radius={(lonic radius 8fSi**ion)x2+(lonic radius of"M3"ion)}/3 (1)
Average radius={(lonic radius 8fSi**ion)x5+(lonic radius of"M?*ion)}/6 (2)

IV means the coordination number. The dashed line (a) in Fig. 9 showed the group
for CsMSpOg of which the thermal expansion property had the temperature range of
the larger thermal expansion shown in Figs 2 and 3. The dashed line (b) showed the
group for CsMSisOq,and CsB Al g §Si,Og0f which the thermal expansion property
showed a linear relationship in Figs 2 and 3. Furthermore, for the each dashed line,
it was found that the thermal expansions decreased with increasing the bond angle of
Si—O-M(Si) for cubic leucite-type compounds at 298 K. In the case of g3BSi

the value deviated from the dashed line. Where S values in Fig. 9 show the reliability
for the result of the Rietveld analysis, the S value for C&B%ind CsZnSigO,, was

not so reliable.
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Fig. 9 Relationship between average radius and the bond angle of Si—-O—M(Si) at 298 K

Figure 10 shows the relationship between the bond angle of Si—-O-M(Si) and the
space ratio in the unit cell for cubic leucite-type compounds at 298 K. The space ra-
tio was calculated by the Eq. (3).

Space ratio (%)={1- (Total volume 8fCs", "Vsi** VO,
and'VM?* or VM3* in unit cell)/(Volume of unit cell)x100 (3)

XII and IV mean the coordination number. The dashed lines (c) showed the group
for cubic leucite-type compounds which had the linear thermal expansion properties,
excluding CgZnSis0,,0f which the S value seemed not to be reliable. On the other
hand, for CsAISIOg and CgNiSisO,, the plots were deviated from the dashed lines
(c). Considering that the thermal expansion property of Cs@Sias similar to

J. Therm. Anal. Cal., 57, 1999
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Fig. 10 Relationship between space ratio in unit cell and the bond angle of Si-O-M(Si) at 298 K

that of CsNiSisO,,, it was found that the change of the bond angle of Si-O-M(Si)
influenced upon the thermal expansion property of cubic leucite-type compounds.
Considering that only CsAlgDgsunderwent the phase transition under 298 K, it was
found that the phase transition of cubic leucite-type compounds was caused by the
difference of the bond angle of Si—O-M(Si) of the framework structure at 298 K.

Conclusions

New cubic leucite-type compounds have been synthesized by the two-stage heat
treatment. The thermal expansion properties of the synthesized leucite-type com-
pounds have been studied with HTXRD and LTXRD in the temperature range of 123
to 1273 K. Furthermore, the Rietveld analysis was performed to investigate the fac-
tor for phase transitions of the synthesized cubic leucite-type compounds.

The results can be summarized as follows:

(1) The thermal expansion of the synthesizedd28B.sSi20s was considerably
smaller than that of CsAlZDs. The thermal expansion property of the synthesized
CsMSis012 (M=Mg, Zn, Cd) showed a linear relationship in the temperature range
of 298 to 1273 K and the thermal expansion property eliS8s012 was similar to
CsAISikOe.

(2) The synthesized CsAl&ls and Cs.0Al0.6Si2.106 underwent the phase transi-
tion of tetrahedral to cubic, and the phase transition temperatures were 248 and
173 K, respectively. The linear thermal expansion coefficient of the synthesized
Cs0.6Al 0,652,106 Was 2.0%10°9K in the temperature range of 298 to 1273 K.

J. Therm. Anal. Cal., 57, 1999
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(3) The thermal expansion rate decreased with increasing the bond angle of Si—

O-M(Si) for cubic leucite-type compounds at 298 K, it was found that the change of
the framework structure influenced upon the thermal expansion property, and the
phase transition for cubic leucite-type compounds was due to the difference of the
bond angle of Si-O-M(Si) of the framework structure in the unit cell at 298 K.
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