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Abstract: A series of solid solutions Er,W3_Mo,01, (0.5<x<:2.5) were successfully synthesized by the solid state method. Their
crystal structures and negative thermal expansion properties were studied by high temperature X-ray powder diffraction and the
Rietveld method. All samples with rare earth tungstates and molybdates crystallize in the same orthorhombic structure with space
group Pnca, and show the negative thermal expansion phenomena related to transverse vibration of bridging oxygen atoms in the
structure. Thermal expansion coefficients (TECs) of Er,W;_Mo,0;, were determined as —16.2 X 10° K™ for x=0.5 and —16.5X 10°°
K" for x=2.5 while —20.2X10°° K" and —18.4X 10® K™! for unsubstituted Er,W;0,, and Er,Mo50,, in the identical temperature
range of 200—800 °C. High temperature XRD data and bond length analysis suggest that the difference between W—0 and Mo—O
is responsible for the change of TECs after the element substitution in the series of solid solutions.
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1 Introduction

Negative thermal expansion (NTE) was reported in
a large family of tungstates and molybdates with the
general formula A;M;0;,, where A could be Sc, Y and
lanthanide rare earth elements Ho, Er, Tm, Yb and
Lu[1-10]. This type of compounds crystallizes in space
group Pnca. Their structure consists of a corner-sharing
network of AOg octahedra and W(Mo)O, tetrahedra. The
AQOg octahedra shares corners with six W(Mo)O,
tetrahedra while W(Mo)O, tetrahedra shares corners with
four AOg¢ octahedra[l, 3—4, 8-9], that is, each oxygen
atom is coordinated with one +3 cation and one +6
W/Mo cation. The mechanism of their NTE has been
explained in terms of transverse vibration of the bridging
oxygen atom between the two rigid polyhedra[1]. It has
been suggested by FORSTER and SLEIGHT[3] that the
magnitude of NTE in this family is related to cation size.

Larger cations expand the octahedron, reducing
oxygen-oxygen repulsion within the polyhedron. This
facilitates polyhedra shape changes, which is necessary
for the rocking motions required by NTE[10].

All of these A;M;0,, phases are hygroscopic at
room temperature[5—6, 8—10]. Since erbium has the
largest ionic radius (0.89 A) among lanthanide rare earth
elements[11-12], Er,W;_.Mo0,0;, (0 <x < 3.0) series
were chosen due to the fact that there are less
hygroscopic compounds within the Sc,W;0p, type
structure[9, 13]. The pure Er,W;0,, and Er,Mo0;0,, have
different TECs of —20.2X 10 °K " and —18.4X 10 °K !,
respectively[8—9], although W** (0.42 A) and Mo®" (0.41
A) have the same crystal structures and almost the same
ionic radii[l11]. Also, little work had previously been
done on substitution of position M in the A,M;0,-type
compounds except the Al,Mo; W0, series. But it
was found that substitution of W for Mo could
affect structural and thermal expansion properties of the
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unsubstituted phases[14—15]. So, in this work we explore
changes in the structure and thermal expansion properties
of solid solution Er,W;_,Mo0,0;, (0<x<3.0).

2 Experimental

Er,W;_,Mo0,0;; (0.5<x<2.5) solid solutions were
synthesized through the conventional solid state route
from corresponding oxides Er,O; (purity 99.99%), MoOs
(purity = 99.5%) and WO; (purity = 99.0%). The
reactants were preheated at 500 °C for 4 h before
thorough mixing in stoichiometric proportion, then
calcined at 700 ‘C for 12 h, followed by sintering at
1 000 ‘C for 24 h then at 1 100 ‘C for 24 h, with
regrinding between two processes. All samples were
slowly cooled to room temperature in furnace.

Room temperature XRD data were collected on a
MSAL-XD2 powder diffractometer with CuK,, radiation
in the 26 range of 10°—70° by step scanning. High-
temperature powder XRD data were collected on a
Panalytical X’pert Pro MPD with an Anton Parr
high-temperature attachment also using Cu K, (4=
1.540 56 A, 40 kV, 40 mA). A platinum heater was used
as sample stage. The temperature was controlled at an
accuracy of 1 C by an Eurotherm temperature
programmer. The heating speed was 30 ‘C/min and data
were collected after temperature was kept constant for
5 min. Rietveld refinements of the diffraction data were
performed using the program suite Fullprof[16].

3 Results and discussion

3.1 Room temperature XRD data and structure

Phase identification of the samples with different
Mo contents was carried out through X-ray diffraction at
room temperature. Fig.1 shows the XRD data of
Er,W;3_Mo,0y, (x=0.5, 1.0, 1.5, 2.0, 2.5) from 10° to 35°
to show changes in diffraction patterns. Rough Rietveld
analyses of the XRD data indicate that all samples were
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Fig.l X-ray diffraction solution

Er,W;_,Mo,0,, at room temperature

single phase but were hygroscopic and crystallized in
orthorhombic form but for x=1.5, which was judged from
peak splitting and confirmed as a mixture of Er,W;0,,
and Er,Mo03;0;, by Rietveld refinement. From Fig.1 it is
found the crystal structure changes much with higher
level of Mo substitution, including peak shifts and
intensity changes. All these changes result from variation
of the cell parameters and shifts in atom displacements
within the unit cell, even the presence of water molecules.
Also, it was verified that these Er series compounds are
more hygroscopic than other heavy rare earth elements
lanthanides. Rietveld refinements indicate significant
changes appearing in these compounds. For the reason
that erbium has almost the largest ionic radius,
molybdate and tungstate have the most open structure.
Therefore, there is high special space for water molecule
to enter the crystal lattice.

The rough refined lattice parameters of
Er,W;_Mo,0;, (0.5<x<:2.5) solid solutions at room
temperature are given in Table 1. For comparison, cell
parameters of unhydrated Er,W;0,, and Er,M0;0;, are
included[8—9]. As mentioned above, lattice parameters a,
b, ¢ and unit cell volume V" change with no obvious trend

Table 1 Lattice parameters of Er,W3_,Mo,0,, (x=0.5, 1.0, 1.5, 2.0, 2.5) at room temperature

Compound a/A b/A c/A VIA® Reference

ELW:0,, 10.054(3) 13.900(3) 9.949(2) 1 389.4(4) 8]
Er, W, sMog 01 9.904(3) 13.890(4) 9.791(2) 1 346.9(6)
Er,W,MoO,, 10.052 1(7) 13.482(1) 9.745 5(8) 1320.7(2)
Er,Mos0p, (x=1.5) 10.069 9(9) 13.441(1) 9.731(1) 1317.12)
Er,Ws0,, (x =1.5) 10.007(3) 13.821(3) 9.785(2) 1 353.4(6)
Er,WMo0,0, 9.995(1) 13.501(1) 9.820(1) 1325.2(3)
Er,W, Mo, <01 9.960 3(9) 13.483(1) 9.795(1) 1315.4(2)

Er,Mo;015 10.025(6) 13.845(3) 9.918(3) 1376.6(1) 9]




PENG lJie, et al/Trans. Nonferrous Met. Soc. China 19(2009) 1623-1627 1625

though the ionic radius of Mo®" is smaller than that of
W3*. The dependence parameters on
molybdenum content does not follow the Vegard’s law
[17-18], the presence of water. By
comparing with the unhydrated phase[8—9], -cell
parameters a, b, ¢ and unit volume ¥ of Er,W;0,, phase
in the x=1.5 mixture decrease, which is probably due to
the presence of water molecules[19]. For Er,Mo3;0,,,

of lattice

confirming

other than the cell parameter a which increases from
10.025(6) to 10.069 9(9) A, both b and ¢ decrease, and
the unit cell volume decreases from 1 376.6(1) A’ to
1 317.1(2) A°. It is then calculated that after getting rid
of water molecules, the cell volumes increase by 2.7%
and 4.5%, respectively, for Er,W;0;, and Er,Mo030,.
SUMITHRA and UMARIJI[5] found that the cell
volume of the hydrated pattern is 7% smaller than the
unhydrated cell volume for Y,W;0i,. It could be
concluded that the Er,Mo3;0,, is easier to absorb water
molecules than Er,W;0,,, and Er,W;0;, is less
hygroscopic than Y,W;0,,. By comparing the cell
parameters of Ern,W;(Mo,¢0;, with those of
Er,WysMo,sO;,, it was found that a, b, ¢ and V all
decrease when W is substituted by Mo atom. This
observation is understood as a consequence of Mo
occupying W position in the crystal lattice. Because of
the difference in bond length, the lattice becomes small
with Mo substitution.

3.2 High temperature XRD and negative thermal

expansion

To study the effects of M site cation substitution on
thermal expansion properties, high temperature X-ray
powder  diffraction data were collected for
Er,W;_Mo,01, (x=0.5, 2.5) at 200, 400, 600 and 800 C.
As an example, the observed and calculated XRD patterns
of Er,W,sMogs0;, at 800 ‘C and their difference are
illustrated in Fig.2. It can be judged that the refinement
result is very good. Also none of the high temperature
XRD patterns of Er,W,sMogsO;, shows any substantial
change in the experimental temperature range of
200-800 C (Fig.3), which indicates that the compound
structures kept unchanged and no phase transition was
observed in the selected range. By contrasting with room
temperature diffraction profile (Fig.1), it can be found
much difference between peak intensity and profile.
However, almost all the peaks shift towards high angle
range with increasing temperature. For example, peaks
(121), (131), (123) according to the Bragg equation
indicate the existence of negative thermal expansion
behavior. Cell parameters and unit cell volume values at
different temperatures are listed in Table 2. Due to the
complication of water molecules staying in samples at
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Fig.2 XRD patterns of Er,W,5Mo 501, at 800 'C (R,=5.51%,
Ry,=7.13% and R..,=1.81%: (a) Calculated data; (b) Raw data;
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Fig.3 X-ray diffraction patterns of Er,W;sMog 501, at different
temperatures

low temperature, only the data from 200 to 800 C are
considered. It is seen from Table 2 that cell parameters a,
b, ¢ and V of Er,W;_..M0,0;, (x=0.5, 2.5) decrease with
increasing temperature in the whole experiment range,
showing strong NTE behavior.

Table 2 Crystallographic data of Er,W;_Mo,0,, (x=0.5, 2.5)
solid solutions at 200, 400, 600 and 800 ‘C

Compound #/°C alA b/A c/A VIA®

200 10.018 9(9) 13.879(1) 9.9317(9) 1381.0(2)
Er,W,s- 400 9.996(1) 13.873(1) 9.916(1) 1375.1(2)
MopsO1, 600 9.976 4(7) 13.866 5(9) 9.903 2(6) 1 369.9(2)
800 9.966 8(4) 13.865 1(5) 9.896 6(3) 1367.6(1)

200 9.995(1) 13.836(2) 9.907(1) 1370.0(3)
Er,Wos- 400 9.974(1) 13.834(2) 9.893(1) 1365.1(3)
Mo,501, 600 9.949 9(6) 13.820 9(8) 9.874 7(6) 1 357.9(4)
800 9.9419(7) 13.824 7(9) 9.869 0(6) 1 356.4(2)
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The thermal expansion coefficients can be

expressed by the following equations[20]:

1, ~1 -
L Tl N R S (R Rl (R T W
L \T,-T I \L-1

where o, and ay denote axial and volume TECs; /; denote
the cell parameter a or b or c; V is the unit cell volume.

Because no linear relationship is observed for most of the
cell parameters, the average axial and volume TECs are
calculated and listed in Table 3. TECs of unsubstituted
phase Er,W;0;, and Er,Mo030;; in the same temperature
range of 200—800 ‘C are also tabulated for comparison.
From Table 3, it can be seen that when x=0.5, that is, Mo
is used to replace W, the TECs of a,, a, a. change
from —10.14X 10 to —8.67X10°K ', -3.35X10°° to
-1.65X10° K, =6.70X10° to —5.90 X 10°® K,
respectively. Therefore, substitution makes the thermal
expansion of all axes less negative, leading to ay from
—6.74X 10" to =5.39X 107° K™'. When x=2.5, substitution
of W for Mo has almost same effects on the crystal axes,
which makes the TEC of a, change from —7.01 X 10° to
—8.87X10°K", more negative than before, while TECs
along axes b and c show less negative, from —4.33 X 10°°
to —1.32X10° K™, =7.08X107° to —6.40X10° K,
resulting in the phenomenon that o, changes from —6.14 X
10° to —5.51 X 10° K™'. By comparing with the
unsubstituted phases, substitution of Mo for W makes ay

Table 3 Axial and volume thermal expansion coefficients of
solid solutions from 200 to 800 C

Compound 0, /10K /10K Reference
Er,W; sMo 50, —8.67 —1.65
Er,W5sMo,504, —8.87 -1.32
Er,W;0,, —-10.14 -3.35 [8]
Er,Mo;0, -7.01 —4.33 [9]
Compound a/10° K™ /100K Reference
Er,W; sMo, 501, -5.90 -5.39
Er,W,sMo, 501, —6.40 —5.51
Er,W;0,, —6.70 —6.74 [8]
Er,Mo;04, —7.08 —6.14 [9]

decrease by 20.0%; substitution of W for Mo makes ay
decrease by 10.3%. It is concluded that different
substitution elements have different effects on the NTE.
With the same substitution content, Mo plays more
important role than W. The results imply that substitution
is a good method to adjust TEC of material. In other
words, it is possible to obtain materials with desired TEC
by adjusting substitution elements and content.

Thermal expansion is usually considered an
effect of anharmonic interatomic potential. Increasing
temperature causes thermal expansion of chemical bonds,
which in turn leads to expansion of crystal lattice.
EVANS et al[l] proposed that negative thermal
expansion of the Y,(WQ,); structure results from
transverse vibrations of two coordinate bridging oxygen
atoms, which makes M—O bond length unchanged but
average angle of M—O—W decrease while the two
cations are closer, leading to the presence of NTE. It is
seen from Table 4 that average distances between Er and
W(Mo) decrease from 3.891 to 3.883 A and 3.882 to
3.875 A, respectively, for Er,W,;sMoysO;, and
Er,W(sMo, 501,. In this study, the change of NTE can be
attributed to variation of bond strength. For example,
substitution of Mo and W makes the W(Mo)—O weaker
than unsubstituted W—O and Mo—0O, and the weaker
bonds, in turn, decrease rigidity of WO,. The rigidity of
structure could affect the NTE property[4, 10], and the
more the rigid polyhedra is, the larger the NTE of
compound tends to show. Therefore, in this work the
substitution of Mo and W impairs the NTE property of
EI'2W3012 and EI'2MO3012.

4 Conclusions

1) Solid solutions Er,W;_,Mo,0p; (0.5<x<2.5)
were successfully prepared and characterized by Rietveld
analysis of X-ray powder diffraction data. The lattice
parameters do not show regular trend with increasing Mo
content. When x=1.5, a mixture of two pure phases
appears. Water molecule absorbed in the structure can
affect cell parameters of Er,W;_.Mo,Oy5,.

2) Negative thermal expansion properties of
Er,W;_Mo,O;; (x=0.5, 2.5) were studied by
high-temperature X-ray diffraction. Substitution of Mo

Table 4 Non-bond distance and average distance for Er,W;_Mo,0;, (x=0.5, 2.5) at 200-800 C

Temperature Er-W(Mo)

Er-Mo(W)

/'C Non-bond distance/A

Average/A

Non-bond distance/A Average/A

200 3.907, 3.903, 3.787, 3.958, 3.890, 3.901 3.891
400 3.892, 3.888, 3.791, 3.960, 3.884, 3.896  3.889
600 3.866, 3.876, 3.826, 3.921, 3.945, 3.871 3.884
800 3.882, 3.929, 3.802, 3.903, 3.940, 3.842  3.883

3.935, 3.840, 3.734, 3.924, 3.915, 3.943 3.882
3.943, 3.863, 3.679, 3.961, 3.933, 3.898 3.880
3912, 3.895, 3.727, 3.911, 3.965, 3.845 3.876
3.907, 3.899, 3.717, 3.872, 3.988, 3.867 3.875
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and W both weakens the NTE property of Er,W;0,, and
Er,Mo;0,,. It is proposed that change of W(Mo)—O
bond strength affects the NTE properties through its
effect on WO, rigidity.
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