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Thermal expansion properties of Lus_, Fe,Mo3z0q>*
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The structures and thermal expansion properties of Luz_,Fe;Mo3O12 have been investigated by X-ray diffraction

(XRD). XRD patterns at room temperature indicate that compounds Luz_zFezMo3zO12 with < 1.3 exhibit an

orthorhombic structure with space group Pnca; compounds with z = 1.5 and 1.7 have a monoclinic structure with

space group P2i/a.

Studies on thermal expansion properties show that the linear thermal expansion coefficients

of orthorhombic phase vary from negative to positive with increasing Fe content. Attempts to make zero thermal

expansion materials indicate that zero thermal expansion can be observed in Luj.3Feg.7Mo3O12 in the temperature

range of 200-400 °C.
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1. Introduction

The family A3(MO4)s (M=Mo and W) has at-
tracted much attention because of their interesting
physical and chemical properties. Orthorhombic com-
pounds with a larger cationic radius, like Y3+, Er3+,
Tm3*, and Lu3*, exhibit negative thermal expansion,
which can be used to adjust the thermal expansion by
chemical substitution of the A cation by another triva-
lent cation.['=?! In this structure, the A3+ exists as an
octahedron with six oxygen atoms, where the tung-
sten or molybdenum ion is surrounded by four oxygen
The A-O—-M linkages
can accommodate the transverse thermal vibrations
Another
interesting feature of this family is their great chem-

atoms forming a tetrahedra.
necessary for negative thermal expansion.

ical flexibility, and the radius of A3T may vary from
0.535 A (AI**) to 1.06 A (La®**), which provides a
lot of options for making solid solutions to tailor the
thermal expansion behaviour.

The correlation between cationic radius and
the thermal expansion coefficient of AsM3Oqshas
been investigated. In Ery_,Ln,W3015 (Ln=Ce,
Nd, and Sm),®=%) Ln, ,Dy,W50;5 (Ln=Er and
Y),[g} and SCQ,zGazW;;O[llzo] systems, the linear
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thermal expansion coefficient (ay = ay/3) be-
comes more negative with the increasing content
of larger cations. The «a; of Ers_,Nd;W301s
with 2=0.1, 0.3, and 0.5 are —6.032 x 1079,
—6.189 x 107%, and —6.280 x 107% °C~!, respec-
tively. In Yby_ A MozOpz (A3T=Cr3t and AIt)
and Ers_ Fe,Mo3012 systems,[11_13] the «; changes
from negative to positive with the increasing content
of smaller cations, even becomes zero by carefully ad-
justing the Er/Fe ratio in the Ero_,Fe,Mo3012 sys-
tem. However, it has been shown that the depen-
dence of ; on the cation radius is not always straight-
In Cry_,Fe,Mo30O15 and Yo_,Nd,W3012
systems,[!41%) the cationic substitution leads to the oy

forward.

variation in the opposite manner. With the increase of
the Nd3* content, the oy of Yo_;Nd, W3012 becomes
less negative rather than more negative.

To obtain materials with controllable thermal ex-
pansion properties, solid solutions Lus_,Fe,Mo3O15
have been synthesized and studied by X-ray diffrac-
tion (XRD). FeaMo3014 crystallizes in monoclinic and
orthorhombic structures below and above phase tran-
sition, respectively, and both phases exhibit posi-
tive thermal expansion.m’m] LusMo30O12 has an or-
thorhombic structure and exhibits negative thermal
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expansion.['”) Therefore, it is possible to make ther-
mal expansion coeflicients controllable by adjusting
the Lu/Fe ratio. We herein will report our work on the
synthesis, structure, and thermal expansion behaviour
of solid solution Lus_,Fe,Mo3015.

2. Experiment

Polycrystalline samples Lus_,Fe,Mo3O012 (z =
0.3, 0.5, 0.7, 1.0, 1.3, 1.5, and 1.7) were synthesized
by the conventional solid-state reaction from the corre-
sponding oxides LuyOgs (purity 99.9%), FeaO3 (purity
99.9%), and MoOj3 (purity > 99.0%). Stoichiomet-
ric amount of raw materials were thoroughly mixed
and heated at 700-800 °C in aluminum crucibles for
48 h with an intermediate regrinding, and then slowly
cooled to room temperature in the furnace.

Room-temperature XRD data were recorded on
a Bruker D8 ADVANCE with DAVINCI design X-ray
diffraction machine with Cu K, radiation at China In-
stitute of Atomic Energy. Variable-temperature XRD
data were collected for Lus_,Fe,MosO15 (x = 0.3,
0.7, and 1.0) at 200, 300, 400, 500, 600, 700, and
800 °C, and for Lug. sFe; sMo3zO12 at 25, 250, 400, 500,
600, 700, and 800 °C to elucidate their thermal expan-
sion properties, on a PAN X’Pert PRO MPD with Cu
K, radiation at Beijing Normal University. The well-
ground sample was mounted on a Pt—Rh strip, which
serves as a sample holder and heating element. The
heating speed was 20 °C min and each temperature
was kept for 5 min before the data was collected. Ri-
etveld refinements of the XRD data were performed
using the program Fullprof.['!
(TG)
Luy_,Fe,Mo3O015 (z = 0.3 and 0.5) were performed

Thermogravimetric analysis of
under nitrogen atmosphere from room temperature
to 400 °C using a TA instrument SDT Q600 ther-
mal analyzer in Peking University. The heating rate
was 10 °C/min, and Al,O3 powder was used as the

reference material.

3. Results and discussion
3.1. XRD characterization

The phase purity of the prepared samples
Lus_,Fe,Mo3O15 is confirmed by XRD, and the
diffraction pattern of the newly synthesized compound
at room temperature are depicted in Fig. 1(a) . There
are no additional peaks from impurities in the whole
composition range. Samples Lus_,Fe,Mo3zO12 with
x < 1.3 crystallize in LusMogO12-type orthorhombic

symmetry with space group Pnca. The diffraction pat-
terns for x = 1.5 and 1.7 can be indexed in monoclin-
ical symmetry with space group P2;/a. The presence
or absence of the diffraction peak at 20 ~ 26.3° (as
indicated by M in Fig. 1(a)) indicates the existence of
a monoclinic or orthorhombic structure. Orthorhom-
bic compounds are easily hygroscopic, which partially
destroys the framework of the original structure and
results in some amorphous phase.>'9 A high back-
ground noise and fewer diffraction peaks can be seen
in the pattern of the compound after being exposed
for several days in air (see Fig. 1(b)).
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Fig. 1. (a) XRD patterns of the newly synthesized com-

1

pound at room temperature. (b) Upper line: the newly
synthesized compound of Luj 7Fep.3MozO12; lower line:
compound exposed in air for several days.

For orthorhombic and monoclinic phases,
the initial structure parameters used in the Ri-
etveld refinements were taken from those reported
for ScaMo30122%  and FeyMos012.2Y  The lat-
tice parameters and unit cell volumes of partial
Lus_,Fe,Mo3z015 were summarized in Table 1. The
lattice parameters a, b, ¢, and unit cell volume V
decrease with increasing Fe3t content, due to the
smaller ionic radius of Fe** (0.64 A) compared with

that of Lut (0.85 A).
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Table 1. Lattice parameters of Luz_;Fe;Mo3O12 (z = 0.3, 0.7, and 1.0) at 200 °C and Luz_,Fe;Mo3O12 (z = 1.5

and 1.7) at room temperature.

Compound a/A b/A c/A B/(°) V/A3
z =03 9.8080(5) 13.5842(6) 9.7381(4) - 1207.5(1)
=07 9.6908(3) 13.3548(4) 9.5917(3) - 1241.4(1)
z=10 9.5961(4) 13.2174(5) 9.4950(4) - 1204.3(1)
z=15 15.9515(8) 9.3716(4) 18.4890(8) 125.620(3) 2246.8(2)
z=17 15.8408(3) 9.3210(1) 18.3808(3) 125.379(1) 2212.8(1)

3.2. Thermogravimetric analysis

TG curves (see Fig. 2) of Lus_,Fe;Mo3z012
(z=0.3 and 0.5) indicate that the orthorhombic sam-
ples are highly hygroscopic at room temperature,
which has been observed in the isostructural com-
pound AyM3015 (M=W and Mo).['"21-23] We can
observe that the weight loss occurs between 50 and
135 °C. The TG curves have two different inclina-
tions that correspond to a two-step behaviour in
the waterlosing process, which change the slope at
around 95.5 and 102.9 °C for x = 0.3 and 0.5, re-
spectively. The water loss in isostructural molyb-
dates occurs from room temperature to 150 °C
in LnoMo30q2 (Ln=Y, Er, Yb, or Lu),[”] similar
to our experimental results. The weight loss of
Luy_,Fe;Mo3O15 (z = 0.3 and 0.5) is 6.6% and
5.0%, and the corresponding water molecule num-
ber per formula unit is 3.1 and 2.3, respectively.

100 102.9 °C

98

é 96 Lu,; 5Fep sMo3012
= [ 955°C '
94 ~
Lu, 7Feg3Mo30,,
92 +
90 1 1 1
50 100 150 200
Temperature/°C
Fig. 2. TG curves of Lua_zFez;Mo3012 (z = 0.3 and
0.5).

Obviously, the partial substitution of Fe3* for
Lu?t prevents the water molecule entering into the
It could be ex-
plained that the structural voids for water accom-

framework of the crystal structure.

modation become smaller due to the increasing Fe?+

content. The effect of water molecules on the ther-

mal expansion property has been discussed in some

(23]

tungstates and molybdates.'*?! The presence of water

molecules would prevent negative thermal expansion.
Only after the complete removal of water molecules,
these compounds can exhibit negative thermal expan-
Therefore, the data above 200 °C were used
to study the thermal expansion properties for or-

sion.

thorhombic compounds.

3.3. High-temperature X-ray diffraction
studies

High-temperature X-ray diffraction data indicate
that Lus_,Fe,Mo3O12 (z = 0.3 and 1.0) remains the
orthorhombic structure in the temperature range of
200-800 °C. Structural refinements were carried out
for all samples using data obtained at various tem-
peratures. To examine the quality of the refinements,
the diffraction patterns of Luj 7Fep.3Mo3zO1o at 200
and 800 °C are shown in Fig. 3. The agreement be-
tween the observed and calculated intensities is excel-
lent, and it is worthwhile to note that in this case there
is no evidence of the presence of phase transition.

The variations of cell parameters and volumes
of Luy_,Fe,Mo3012 (z = 0.3 and 1.0) as functions
of the temperature are plotted in Figs. 4(a)—4(d).
The axial and linear coefficients of thermal expan-
sion (CTEs) obtained from these data are tabulated
in Table 2. The CTEs of LusMo30O15 have also been
given for comparison. Luj 7Fep 3Mo3O12 shows ther-
mal contraction along the a and c axes, while the
b axis exhibits near zero thermal expansion in the
whole temperature range. This leads to an overall
volume contraction with a; = —5.59 x 1076 °C~1,
LuFeMo3012 shows a slight contraction along the a
and ¢ axes, but the strong expansion of the b axis
results in a low positive linear thermal expansion co-
efficient (ay = 0.987 x 1076 °C~1).

Lug sFeq 5 Moz 012
structure at low temperature,

crystallizes in monoclinic
and then trans-
forms to the orthorhombic structure at and above
400 °C. Figures 4(e)—4(i) show the cell parameters of
Lug sFe; s Mo3012 with the rising temperature. Unit

cell parameters a, b, and ¢ in the monoclinic phase

116102-3



Chin. Phys. B Vol. 21, No. 11 (2012) 116102

all exhibit positive thermal expansion. For the or- negative thermal expansion. The axial and linear co-
thorhombic phase, the cell parameters b and ¢ show  efficients of thermal expansion for the orthorhombic

positive thermal expansion, and the a axis shows  phase are also listed in Table 2.
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Fig. 3. Rietveld refinement of XRD pattern of Luy. 7Feg.3Mo3012 at (a) 200 °C (Rp = 4.11%, Rwp = 5.12%) and
(b) 800 °C (Rp = 4.12%, Rwp = 5.22%). Observed (x), calculated (solid line), Bragg position (|), and difference

plots (lowest trace) are shown.
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Fig. 4. Thermal evolution of cell parameters of (a-d) Luz_;Fe;Mo3O12 (z = 0.3 (A) and 1.0 (e)) and (e-i)
Lug.5Fe1.5Mo03012. The cell volume of the monoclinic phase has been halved for comparison with the orthorhombic

one.

Table 2. Coefficients of thermal expansion for Lus_Fe;Mo3O13.

aq /1076 °C—1 ap/1076 °cCc—1 ac/1076 °cCc—1 /1076 °cC—1
z = 0.0 (200-800 °C)[3! —8.88 —1.23 —6.62 —5.59
x = 0.3 (200-800 °C) —4.690 0.123 —4.775 —3.126
x = 1.0 (200-800 °C) —2.796 6.015 —0.263 0.987
x = 1.5 (400-800 °C) —0.441 4.222 0.819 2.313
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The orthorhombic FesMo30O12 and LusMozO1o
have the opposite thermal expansion properties. As
a result, the CTEs of compounds Luy_,Fe,Mo3O12
can be controlled by adjusting the Fe/Lu ratio. Fig-
ure 5 shows the CTEs of samples with x = 0.0, 0.3,
1.0, and 1.5. The lines in this figure imply that ther-
mal expansion coefficients are almost linearly related
to x. From this figure, we can speculate that zero
thermal expansion may be realized at around = = 0.7,
thus temperature-dependence XRD data were also col-
lected for sample Lu; 3Feg 7Mo30O12 in the same man-

ner.

i; T,

2f v/fzcv

_2{ /’/7‘
/

A

Thermal expansion
coefficient /1076 °C~!

—1 P P
0 0.0 0.4

1 1 1 1 1 1
0.8 1.2 1.6
Fe content

Fig. 5. Thermal expansion coefficients versus Fe content (z).
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Fig. 6. Cell parameters a, b, and ¢, and V of

Luj 3Fep.7Mo30O12 versus temperature.

Figure 6 shows the variations of cell parameters a,
b, and ¢, and unit cell volume V of Lu; 3Feq7Mo3O12
with the rising temperature. The lattice parameters a
and ¢ contract with the increasing temperature, and

b expands in the temperature range of 200-700 °C. It
is worth pointing out that the oy of Lu; 3Feg 7 MozO19
is zero in the temperature range of 200—400 °C, if the
standard deviation is considered. It exhibits near zero
a; of —0.389 x 1076 °C~1! in the higher temperature
range.

The crystal structure of  orthorhombic
Lus_,Fe,Mo3015 is composed of a corner-sharing net-
work of Lu(Fe)Og octahedra and MoOy tetrahedra,
where each oxygen atom bridges one Lu (Fe) and one
Mo atom. Negative thermal expansion can be found
in orthorhombic A;M3O1o with larger ionic size A3,
such as Y3t, Er3*, and Lu®t.

negative thermal expansion in the A;M3O15 family is

The mechanism of

attributed to the rocking motion of polyhedra based
on the correlated transverse thermal vibration of oxy-
gen perpendicular to A—O-M linkages. However, the
rocking motions occur only when the polyhedra can
undergo some slight distortion.['"?4 The distortions
of polyhedra occur easily in large polyhedra where
the repulsive oxygen—oxygen interactions are min-
imized. Rigid polyhedra will prohibit the rocking
motion and the negative thermal expansion. The re-
placement of Fe for Lu results in the decrease of the
average size of the central cation and the volume of
Lu(Fe)O¢ polyhedra.
pulsive interaction in polyhedral is enhanced, which
As a
result, Luj 7Fep3Mo3O15 exhibits negative thermal

Thus the oxygen—oxygen re-
leads to the higher rigidity of the polyhedra.

expansion, while LuFeMo3012 and compounds with a
higher Fe content possess positive thermal expansion.
The linear thermal expansion coefficient changes from
negative to positive with increasing Fe3* content,
even becomes zero when x = 0.7 in the 200-400 °C

temperature range.

4. Conclusions

Solid solutions Lus_,Fe,Mo3zO12 have been pre-
pared successfully and characterized by X-ray diffrac-
tion. All the compounds are single phase, and the cell
parameters decrease with increasing Fe content. TG
analysis shows that orthorhombic Lus_,Fe,Mo3zOq2
(z = 0.3 and 0.5) is highly hygroscopic at room tem-
perature and loses water at a temperature of between
50 and 135 °C. The linear thermal expansion coef-
ficient for orthorhombic Lus_,Fe,Mo3012 (z = 0.3,
1.0, and 1.5) is —3.126 x 107%, 0.987 x 1076, and
2.313 x 1076 °C~1, respectively. The zero thermal
expansion coefficient of Luy 3Feg.7Mo3O15 is observed
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in the temperature range of 200-400 °C, and near zero
thermal expansion coefficient of —0.389 x 106 °C—!

is observed in the higher temperature range of 400-
800 °C.
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