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Abstract

The crystal structure, phase transition and thermal expansion behaviors of solid solutions Sc,_ .Cr.Mo3;O;, (0<x<2) were
investigated using X-ray diffraction (XRD) and differential scanning calorimetry (DSC). At room temperature, samples with x < 0.7
and x> 0.8 crystallize in orthorhombic and monoclinic structures, respectively. DSC result indicates that the phase transition of
Scyp.sCr; sMo3O, from monoclinic to orthorhombic structure occurs at 203.66 °C. The linear thermal expansion coefficient of
orthorhombic phases varies from —2.334 x 107%°C~! to 0.993 x 107°°C~! when x increases from 0.0 to 1.5. The near-zero linear
thermal expansion coefficients of —0.512x 107°°C~" and —0.466 x 107°°C~" are observed for compounds with x=0.5 and 0.7,

respectively.

© 2012 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Materials with negative thermal expansion (NTE) are of
considerable interest. Combining them with positive thermal
expansion materials could produce composite materials with
adjustable thermal expansion coefficients. Controllable ther-
mal expansion composites are widely used in electrical,
optical, and high-temperature devices [1,2]. NTE behavior
has been observed in many tungstates and molybdates with
the general formula of A,M30,, where A is a trivalent ion
ranging from Al to Dy. Thus, it is possible to modify the
thermal expansion coefficient of A,M;0, through partial
chemical substitution of the A** cation by another trivalent
cation [3-10].

Existing literatures reported that Sc,Mo03O;, and
Cr,Mo501, [11,12] crystallize in monoclinic structure (P2;/a)
at low temperature and transform to orthorhombic structure
(Pnca) upon heating. Both compounds with monoclinic
structure exhibit positive thermal expansion. Orthorhombic
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Sc;Mo030¢, exhibits NTE at the temperature range of
—93°C to 27 °C and a linear thermal expansion coefficient
o (y=0,/3) of —2.1x107¢°C~!, whereas orthorhombic
Cr,Mo30;, demonstrates positive thermal expansion at the
temperature range of 450-800°C and an o value of
0.708 x 10~ % °C~!. Therefore, solid solutions Sc,_ .Cr.Mo;
O;, with controllable thermal expansion could be obtained
by cautiously adjusting the S¢®>*/Cr® ™ ratio.

In this work, a series of Sc,_ CrMo3;0, (0<x<2)
ceramics were successfully prepared. The effects of
substituted Cr content on the crystal structure, phase
transition and thermal expansion were studied.

2. Experiments

All Sc,_ .Cr,Mo50;, (0 < x < 2) samples were prepared
through the solid-state method. Stoichiometric amounts of
Sc,03 (purity 99.95%), Cr,O5 (purity 99.9%), and MoO;
(purity > 99.0%) were weighted and fully ground together
in an agate mortar, and then calcined at 750-850 °C for
48 h with intermittent regrinding, finally cooling to room
temperature in the furnace. Phase identifications of the
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Sc,_ .Cr,Mo30;, compounds were performed through
XRD on a MSAL-XD2 diffractometer using Cu K,
radiation at Laboratory of Inorganic Materials of Grad-
uate University of Chinese Academy of Sciences.

The thermal expansion behavior of Sc,_ Cr.Mo;O;,
was investigated via PAN X’ Pert PRO MPD XRD with
X’ Celerator as detector and Anton Parr high temperature
attachment at Beijing Normal University. High-tempera-
ture XRD data for Sc,_ ,Cr,M030;, (x=0.0, 0.5, 0.7 and
1.5) were recorded at 25, 150, 250, 400, 550, 700 and
800 °C in the 20 range of 10-80°. The sample was heated to
the desired temperature on a platinum strip at a rate of
30 °C/min and kept for 5min for equilibration before
XRD data were collected. The positions of the reflections
and lattice parameters were calculated through the least-
squares method using the software FullProf Suite 2005
[13]. The phase transition temperature of Scy sCr; sM030;,
was detected through DSC using TA instruments Q100 in
nitrogen atmosphere at a heating temperature range of
25400 °C and a rate of 10 °C/min at Peking University.

3. Results and discussion
3.1. XRD analysis and phase transition

Fig. 1 shows the XRD patterns of the Sc,_ ,Cr,Mos0,
(0 <x<2) samples at room temperature. The Rietveld
method was employed to analyze the diffraction patterns.
The atomic parameters for the monoclinic and orthor-
hombic structure refinement were obtained from those
reported for Fe;Mo03045 [14] and Sc;Mo0304, [11], respec-
tively. All samples appear to be single phase from the
XRD refinement, and no detectable impurity phase is
present. Sc** (0.73 A) and Cr’* (0.63 A) can be substituted
in the whole composition range mutually because of the
relatively small difference in their radii. Samples with x < 0.7
have Sc,;Mo030,,-type orthorhombic structures (Pnca),
whereas those with x> 0.8 exhibit Cr,Mo;0;,-type mono-
clinic structures (P2;/a). The difference in characteristic
diffraction peak between monoclinic and orthorhombic
structures is shown in Fig. | (as indicated by “M”). The
lattice parameter dependence on the Cr content, derived from
the Rietveld refinement, is shown in Fig. 2. It can be seen that
cell parameters a, b, ¢ and volume V" for monoclinic and
orthorhombic Sc,_ ,Cr,Mos0;, decrease linearly as Cr con-
tent increases. This result can be attributed to the smaller
ionic radius of Cr’™ than Sc®*. The linear dependence of
lattice parameters on Cr content is in good agreement with
the Vegard’s law, which again proves the successful prepara-
tion of the solid solutions Sc,_ ,Cr,Mo030, [15,16].

Most A,Mo30;, compounds have been reported to
demonstrate phase transition from monoclinic to orthor-
hombic at a higher temperature [7,17]. The transition
temperatures for Sc;M030;, and Cr,Mos0;, are reported
to be —95°C and 401 °C, respectively. In the present
study, the transition temperature of ScqsCrysMo3Oq;
detected via DSC is 203.66 °C (Fig. 3). The partial
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Fig. 1. XRD patterns of Sc, _ .Cr,Mo030, collected at room temperature.

substitution of Sc®>* for Cr’* notably promotes the phase
transition from monoclinic to orthorhombic structure.
Previous studies suggested that a correlation exists between
the phase transition temperature and the electronegativity
of A’" cation in the A,Mo30,, family [7,18]. As the
electronegativity of the A®™ cation decreases, the transi-
tion temperature decreases. The electronegativity of Sc®+
(1.36) is less than that of Cr*™ (1.66). Hence, the transition
temperature of Sc, _ Cr,Mo30, is at a lower temperature
with decreasing Cr content, and when x < 0.7, the samples
exhibit orthorhombic structure at room temperature.

3.2. Thermal expansion property

The thermal expansion properties of Sc,_ Cr,Mos0,
(x=0.0, 0.5, 0.7 and 1.5) were investigated through high-
temperature XRD. Samples with x=0.0, 0.5 and 0.7
maintain an orthorhombic structure in the tested tempera-
ture range. Sample ScysCr; sMo03;0;, exhibits monoclinic
structure at and below 150 °C, and transforms to orthor-
hombic structure above 250 °C. All known monoclinic
A,Mo050;, compounds show positive thermal expansion.
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Fig. 2. Cell parameters of Sc,_ ,Cr,Mo30;, with different Cr content at
room temperature.
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Fig. 3. DSC curve of Scy 5Cr; sM030y5.

In the present study, the cell parameters a, b and ¢ of
monoclinic Scy 5Cr; sMo03;0;, increase as temperature
increases from 25 °C to 150 °C (Table 1). As a result, the
unit cell volume expands significantly.

The variation of cell parameters a, b, ¢ and volume V
with temperature of all orthorhombic samples is shown in

Table 1
Cell parameters of Scy sCr; sM030;, at 25 °C and 150 °C.

a(A) b (A) ¢ (A) B ) V(A%
25°C 15.723(1)  9.2591(4) 18.292(1) 125.401(2)  2170.6(2)
150 °C 15.751(1)  9.2723(4) 18.332(1) 125.470(3)  2180.5(2)

Fig. 4. As shown in Fig. 4, the a- and c-axes show
contraction upon heating, whereas an increase can be
observed in the b-axis. The different contraction or
expansion coefficients of the three axes lead to their
different thermal expansion properties. The o; values of
Sc,_ . Cr,Mo30¢, (x=0.0, 0.5, 0.7 and 1.5) are —2.334 x
107° —0.512x 107°%, —0.466 x 10° and 0.993 x 10~°
°C~! respectively. As detected through neutron diffrac-
tion, the reported o value of Sco;M030;5 is —2.1 x 10-¢°
C ! between —93 °C and 27 °C. This value is very similar
to our result. Table 2 illustrates the axial and linear
coefficients of thermal expansion for Sc,_,Cr,Mos0,
(x=0.0, 0.5, 0.7 and 1.5). As shown in Table 2, o, o
and o, increase with increasing Cr content, and o, increases
from negative to positive as a result.

Orthorhombic and monoclinic structures of A,Mo030;»
are very similar, both consisting of the corner-sharing
network of AO6 octahedra and MoO#4 tetrahedra [9]. AO6
octahedra share all six corners with MoO4 tetrahedra, and
MoO#4 tetrahedra share corners with AO6 octahedra. This
sharing leads to the two-fold coordination of oxygen,
which is believed to be an essential feature for NTE.
However, only orthorhombic compounds may exhibit
NTE behavior, the mechanism of which is attributed to
the rocking motion of polyhedra related to the transverse
vibrations of two-fold coordinated oxygen [2,17]. This
transverse vibrational motion of A—-O-Mo draws A and
Mo atoms closer together and result in the overall lattice
shrinkage. Fig. 5 shows the average Sc(Cr)-Mo non-bond
distance in Sc,_ Cr,Mo;0;, (x=0.0, 0.7 and 1.5) with
rising temperature. The average Sc(Cr)-Mo distance in
Scy,_ CryMo30;, (x=0.0 and 0.7) shows contraction with
increasing temperature. This result is in accordance with
the thermal expansion property. However, the Sc(Cr)-Mo
distance in ScysCr; sMo03015 increases upon heating, which
indicates that another factor affects the thermal expansion
behavior.

The rocking motion of polyhedra necessary for NTE
cannot occur without some changes in the shape of the
polyhedra. The magnitude of NTE coefficient increases as
the ionic radius of the A’ ion increases. The oxygen—
oxygen repulsive interaction decreases in AO6 polyhedra
with larger central cations, making slight distortions easier
to occur, and therefore enhancing NTE behavior [19]. In
the case of orthorhombic ScysCr;sMo3O;,, the shape
change in Sc(Cr)O6 octahedral is gradually attenuated
with strong oxygen—oxygen repulsion, thus giving rise to
its positive thermal expansion. The results suggest that the
thermal expansion coefficient of ceramic Sc,_ ,Cr,Mo030,
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Fig. 4. Lattice parameters as a function of temperature for orthorhombic Sc, . Cr,Mo3;O;, (x=0.0 (A), 0.5 (@), 0.7 (M) and 1.5 (V)).

Table 2
Axial and linear thermal expansion coefficients of Sc,_ Cr,Mo30;;.

Compound a(x 1076°C™1h ap(x 1070 C™h a(x 1076°C™1h ax107%°C™)
x=0.0(25-800 °C) —6.407 4.070 —4.652 —2.334
x=0.5(25-800 °C) —4.288 5.680 —2.908 —0.512
x=0.7(25-800 °C) —3.851 5.267 —2.790 —0.466
x=1.5(250-800 °C) —1.883 6.023 —1.158 0.993
N I ——————— poerss can b.e easily Controll.ed from negative to positive by
] e = adjusting the Sc/Cr ratio.
3.72
“% 370 ¢ " e e . z501 o 4. Conclusions
=
3.68
] ] Single-phased Sc,_,Cr,Mo3;O0;, (0<x<2) samples
g 3681 were prepared. The relationship between the cell para-
£ 364 — meters and the size of A** cation follows the Vegard’s law
é — a—————A——a . a for monoclinic and orthorhombic structures. The transi-
L ; A tion temperature increases with the increasing electrone-
;‘5’ e / gativity value of A** cation.
aseq The thermal expansion coefficients for the orthorhombic
S ;/ ' phase could be controlled by adjusting the Sc/Cr ratio. With
| " ' . . . ' ' increasing Cr content, the thermal expansion behavior of
0 100 200 300 400 500 600 700 800 Sc, _ Cr,Mo050,, varies from negative to positive. Near-zero

Temperature (°C)

Fig. 5. Selected average Sc(Cr)-Mo non-bond distance with increasing
temperature.

thermal expansion is observed when x=0.5 and 0.7, with o
being —0.512 x 10~ % and —0.466—107°°C~", respectively.
As the size of A*" decreases, the oxygen—oxygen repulsion
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increases within the polyhedra, and the distortion necessary
for NTE become difficult, leading to positive thermal
expansion coefficient.
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