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Compounds with the formula Cry_,Zr 5:Mgg 5:M03012 (x = 0.0, 0.3, 0.5, 0.9, 1.3, 1.5, 1.7, 1.9) are synthesized,
and the effects of Zr** and Mgt co-incorporation on the phase transition, thermal expansion, and Raman mode are
investigated. It is found that Cry_,Zrg 5,Mgg.5:M0301; crystallize into monoclinic structures for x < 1.3 and orthorhombic
structures for x > 1.5 at room temperature. The phase transition temperature from a monoclinic to an orthorhombic structure
of Cr;Mo30; can be reduced by the partial substitution of (Zng)6+ for Cr3*. The overall linear thermal expansion
coefficient decreases with the increase of the (ZrMg)®" content in an orthorhombic structure sample. The co-incorporation
of Zr*t and Mg?* in the lattice results in the occurrence of new Raman modes and the hardening of the symmetric
vibrational modes, which are attributed to the MoQy tetrahedra sharing corners with ZrOs/MgOg octahedra and to the
strengthening of Mo—O bonds due to less electronegativities of Zr*+ and Mg?* than Cr3*, respectively.
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1. Introduction

The majority of known materials have positive coeffi-
cients of thermal expansion (CTE), i.e., they expand on heat-
ing and contract on cooling. The rediscovery of negative
thermal expansion (NTE) in cubic ZrW,Og 131 (AM»Og fam-
ily) in a large temperature range sheds light on the possi-
bility of tailoring the CTEs in pure and composite materi-
als. Besides the AM;,Og family, several other open-framework
families, such as AO3,11 AMOs,1>! AM,07,1! 4,0, and
A2M3012[8‘12] have been found to exhibit low thermal ex-
pansion or NTE. Recently, the compounds with the general
chemical formula ABM301; (A = Hf** or Zr**; B=Mg>*; M
= WO or Mo®)[13-17] with another orthorhombic structure
have been reported to exhibit low or negative thermal expan-
sion.

Materials with general formula A,M301,, where ‘A’ is
a trivalent cation (Al, Y, Fe or a lanthanum group element)
and M is W or Mo, crystallize into either orthorhombic or
monoclinic symmetric structures, depending on the A3* cation
size.[’] The members of the A, M50, family with larger A3+
cations crystallize into orthorhombic structures (space group
pbcn) and exhibit negative overall linear thermal expansion
coefficients while the ones with smaller A3* cations crys-
tallize into monoclinic structures (space group P2;/a ) and
display positive thermal expansions.!'3!?1 The orthorhombic
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ones each have an open framework structure with A—-O-M
linkages, which can accommodate the transverse thermal vi-
brations responsible for NTE, while the monoclinic ones have
an edge-shared structure, which is more densely packed and
cannot accommodate the transverse thermal vibrations. In
other words, that the materials of the AyM301, family with
smaller A3T cation size give rise to NTE is possible only
after monoclinic-to-orthorhombic phase transition at higher
temperatures. For example, Al;Mo301,, CroMo3013, and
Feo;Mo301; crystallize into monoclinic structures at room
temperature and transform from monoclinic to orthorhombic
around 473 K, 676 K, and 785 K, respectively, and their CTEs
in the orthorhombic structure are 2.389 x 107 K1, 0.67 x
107 K~!, and 1.72 x 107 K~! indicated by X-ray diffrac-
tion (XRD)!'! and —2.83 x 107% K~!, —9.39 x 107¢ K™,
and —14.82 x 107° K~! obtained by dilatometry.!*’! There are
large misfits between the linear CTEs measured by diffraction
and dilatometric methods for this family of materials. There
are probably several extrinsic sources causing the discrepancy,
but by far the most cited one is the formation of microc-
racks on cooling due to the anisotropic thermal expansion of
these phases.?!! We believe that the large difference in CTE
between monoclinic (large positive CTEs) and orthorhombic
(low or negative CTEs) structures and the anisotropic nature
of the materials are the main reasons for the microcracks dur-
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ing temperature change, and are responsible for the discrep-
ancy in CTEs measured by different methods. To reduce
the monoclinic-to-orthorhombic phase-transition temperature
to below room temperature for this family of materials with
smaller A3t cation size is essential for applications and still
remains a challenge.

Recently, Ari M, Jardim P M, Marinkovic, et al.l'”!
Alzxcrz_zxMO3012, and
Al Fey 2:Mo301 to study the effect of the cation substitu-

synthesized CrpFe;_»,Mo03012,

tion on the phase transition temperature from monoclinic to
orthorhombic structure in the A;M301, family. They found a
linear relationship between the transition temperature and the
fraction of A3* cations (x) for each system and confirmed that
the phase transition temperature decreases with the increase of
electronegativity of A>* cations.

It was found recently that the A3* cation can not only
be a transition metal or rare earth that occupies an oc-
tahedral position, but also be substituted by a mixture of
tetravalent and bivalent cations, such as HfMgW3012,[13’14]
HfMgMo305,[3 ZrMgMo301,.!'7! These materials exhibit
low or negative linear thermal expansion (¢ = —0.77 x
1070 K113 g = —1.2 x 1070 K~ for HfMgW303,
oy =1.02 x 107% K~! for HfMgMo301,! oy = —3.73 x
107 K=! for ZrMgMo3 01,17,
ported on In(HfMg)y sMo030O1,, which exhibited a phase tran-

Kimberly et al.??! re-

sition from monoclinic (P2, /a) to orthorhombic (Pnma) struc-
ture at about 425 K, and NTE (o = —0.4 x 107% K1)
from 500 K-900 K. Suzuki and Omote!?*! synthesized
Algx(HfMg)l_XW3012 which shows a low CTE (o = 2 X
107 K~ 1-2 x 107% K~! for x = 0-0.7). A near zero thermal
expansion was found for x = 0.15.

In this paper, we synthesize the materials with the for-
mula Cry_,Zrg 5,Mgo5,Mo3012 (x = 0.0, 0.3, 0.5, 0.9, 1.3,
1.5, 1.7, 1.9).
sion properties for this family of materials are investigated by

The crystal structures and thermal expan-

room-temperature and high temperature X-ray diffractions and
dilatometer. The phase transitions are studied by Raman spec-
troscopy and differential scanning calorimetry.

2. Experiment

Crz,er0~5ng0,5xM03012 (x = 0, 03, 05, 09, 1.3, 1.5,
1.7, and 1.9) were produced by solid-state reaction from a sto-
ichiometric mixture of CryO3, ZrO,, MgO, and MoOs3 (99.9%
purity). The mixtures were ground in a mortar for 2 h, sintered
in a tubular furnace at 1173 K for 8 h and then cooled down
slowly.

X-ray diffraction (XRD) of the samples was carried out
with an X* Pert PRO X-ray diffractometer. The microstruc-
tures were studied using a JSM-6700F scanning electron mi-
croscope (SEM). A Renishaw MR-2000 Raman spectrometer
with 532-nm wavelength laser excitation was used for Raman

spectroscopic studies. The temperature dependence of the Ra-
man spectra was recorded using a TMS 94 heating/freezing
stage from Linkam Scientific Instruments Ltd, within an accu-
racy of +0.1 K. The differential scanning calorimetry (DSC)
studies were carried out on an Ulvac Sinku-Riko DSC, Model
1500M/L with the heating and cooling rates of 10 K/min.
The linear thermal expansion coefficients were measured by
a dilatometer (LINSEIS L75).

The unit-cell and crystal structure parameters are re-
fined from X-ray diffraction patterns through the Rietveld
methods, using the program Fullprof. The crystal structures
of monoclinic Fe;Mo301, (ICSD 16402) and orthorhombic
Fe,Mo3 01, (ICSD 80449) were used as the starting model for
Cry—xZry.5:Mgp.5;M03015.

3. Results and discussion
3.1. Crystal structure and phase transition

Phase identifications of the samples with different val-
ues of (ZrMg)®* content are performed by means of X-ray
diffraction at room temperature (RT). Figure 1 shows the
RT XRD patterns of Crp_Zrg 5:Mgp 5:M03012 (x =0, 0.3,
0.5, 0.9, 1.3, 1.5, 1.7, and 1.9). The RT unit cell parame-
ters of Crp_,Zrg 5:Mgp5:M0301, are tabulated in Table 1.

Intensity

S r=0.3
N

10 20 30 40
20/(°)
Fig. 1. (a) X-ray diffraction patterns of Cry_,Zrg s5,Mgo s:M0301, for
various values of x, and (b) the partially enlarged X-ray diffraction pat-
terns of Cry_Zrg 5:Mg0.5xM03013 for x =0.3 and x = 1.5 at room tem-
perature.
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Table 1. Unit cell parameters of Cry_,Zrys,Mgp5,M0301, at room
temperature.

x alA bIA c/A BI(®)
15.5584(5)  9.1563(2)  18.0982(6)  125.3018(22)
0.1 15.5885(10) 9.1756(5)  18.1423(12)  125.3371(41)
03 15.6456(9)  9.2112(4)  18.2096(10)  125.3454(37)
0.5 15.7110(8)  9.2516(4)  18.2892(9)  125.3649(33)
0.7 15.7602(10)  9.2809(4)  18.3477(11)  125.3792(41)
0.9 15.8043(8)  9.3079(3)  18.3962(8)  125.3907(3)
1.1 15.8612(6)  9.3421(3)  18.4655(6)  125.4205(28)
1.3 15.9262(15) 9.3836(5)  18.5483(13)  125.4819(66)
1.5 13.02096) 9.3818(4)  9.4773(4)
1.7 13.0825(7)  9.4271(5)  9.5205(5)

It is known that Cr,Mo3Oj, crystallizes into a mono-
clinic Fe;Mo301;-type structure (ICDD-PDF No.00-031-
0642). The XRD patterns of the molybdates for x = 0.0-1.3
remain unchanged except successive shifts of the diffraction
peaks toward smaller angles with the increase of (ZrMg)®+
content, suggesting that they keep the monoclinic structure
until x = 1.3. The shifts of the peaks indicate a progres-
sive increase in lattice constant due to the average cation ra-
dius of (ZrMg)®* (72 pm) being bigger than that of Cr’*
(61.5 pm). While for x = 1.5 and 1.7 the molybdates ex-
hibit an orthorhombic Fe;Mo301;-type structure (ICDD-PDF
No0.00-033-0661) as indicated by the disappearance of the
XRD peak at 26.69°, which is characteristic of the phase tran-
sition from a monoclinic to an orthorhombic structure. How-
ever, by comparison with the previously reported XRD pat-
terns for HfMgW301, 314 and HfMgMo305,/! it can be
concluded that the molybdate for x = 1.9 has the orthorhom-
bic symmetry with space group Pnma (62) or Pna2; (33) at
room temperature.

In Fig. 2, we show the typical scanning electron
microscopy (SEM) images of the cross section for the
Cro.5Zr9.7sMgo.7sM03012 and Cry 3Zro 35sMgo.ssM0o3O12 ce-
ramic blocks. The samples exhibit microstructures with
closely packed polygonals and the grain sizes range from 2 pm
to 8 um. The average grain size for Cry 5Zrg75Mgo7sM03012
is smaller than that of Cry3Zrp gsMgp s5sM03015.

Figure 3 shows the temperature-dependent Raman spec-
tra (TDRS) for Cr,Mo3Oj>. By comparison with the Ra-
man spectra of other molybdates, such as Y>Mo301, 18! and
Fe2M03O12,[19’20’24] the Raman modes from 900 cm~! to
1050 cm™!, from 750 cm ™! to 900 cm™!, and from 300 cm™!
to 400 cm~! can be identified as the internal symmetric
stretching, asymmetric stretching, and bending vibrations of
the MoQj tetrahedra, whereas those below 300 cm ™! are trans-
lational and librational motions of the polyhedra. The Ra-
man band at 994 cm~! becomes weak gradually with the in-
crease of temperature and vanishes when the temperature is in-
creased to 653 K. This is an indication that the monoclinic-to-

orthorhombic phase transition of CroMo301, occurs between
648 K and 653 K, in accordance with its phase transition tem-
perature reported by Tyagi ef al.[*°! and by Ari et al.!'"! There-
fore, the Raman spectra above 653 K are characteristic of the
orthorhombic CryMo30Oq5.

Fig. 2. (color online) SEM micrographs of (a) CrysZrg75sMgg.75-
Mo30;2 and (b) Cro 3Zrg 85sMgp.85M03012.
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Fig. 3. (color online) (a) Raman spectra of Cr,Mo30O, at different tem-
peratures and (b) enlarged portion of the symmetric stretching modes
fitted with Lorentz line profiles.
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Figure 4 shows the temperature dependences of the Ra-
man spectra of Cry 5Zrg25Mgo25M03015. It is shown that
Cry 5Zr9.25Mgp.2sMo301; crystallized into a monoclinic struc-
ture at room temperature, as evidenced by the appearance of
the Raman band at about 998 cm~'. With the increase of tem-
perature, this Raman band becomes weak gradually and van-
ishes when the temperature increases to 523 K (see Fig. 4(b)),
suggesting that the monoclinic-to-orthorhombic phase transi-
tion of Cry 5Zro.25Mgp.25M0301, occurs at about 523 K, about
150 K lower than that of CryMo301;. The reduction in phase
transition temperature by (ZrMg)®* substitution not only con-
firms the formation of solid solution Cr; 5Zry25sMgp 25M03012
but also gives us hope to further lower the phase transition tem-
perature to below room temperature by increasing the substitu-
tion of (ZrMg)®* for Cr3*. This is important for applications
of the materials.
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Fig. 4. (color online) (a) Raman spectra of Cry 5Zrp25Mgp25M03012
at different temperatures and (b) enlarged portion of the symmetric
stretching modes fitted with Lorentz line profiles.

The temperature-dependent Raman spectra of the sam-
ples with further increasing the (ZrMg)®* content are mea-
sured. It is shown that the phase transition temperature of
Cry_Zr( 5,Mgo 5.M0301; can be further lowered with the in-
crease of (Zng)6+ content so that it is well below room
temperature when x > 1.4. Figure 5 shows the temperature-
dependent Raman spectra of Cry 3Zry gsMgp.s5sM03015. From
the comparison of room-temperature Raman spectrum be-
tween Cr;Mo3O1, and Cry3ZrggsMgo.gsMo301,, it can be
concluded that Crg3Zrg g5sMgp ssMo301; crystallized already

into an orthorhombic structure at room temperature since the
Raman band at about 996 cm—!, characteristic of the mon-
oclinic phase, does not appear for this composition. To de-
termine the operating temperature range of the orthorhombic
phase, we pursue the study of its orthorhombic-to-monoclinic
phase transition by reducing temperature. However, no phase
transition is found from 298 K to 103 K. It can be de-
duced that the material of Crg3ZrggsMgpgsMo301, keeps
the orthorhombic structure until a very low temperature (7' <
103 K).
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Fig. 5. (color online) Raman spectra of Crp3ZrpgsMgpgsMozO1, at
different temperatures.

The effective decrease of the phase transition temperature
by increasing the substitution of (ZrMg)®* for Cr’* revealed
by Raman spectroscopy is confirmed by DSC. Figure 6 shows
the DSC curves of Cry_,Zrg 5:Mgp 5:M03015 for x = 0.0, 0.3,
0.7, 1.1. It shows clearly that the monoclinic-to-orthorhombic
phase transition temperature decreases with the increase of the
amount of (ZrMg)®" as indicated by the endothermic peak on
each curve.
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Fig. 6. (color online) Typical differential scanning calorimetry curves
for Cry—Zrp 5:Mgp.5:M03012 at x = 0 (curve a), 0.3 (curve b), 0.7
(curve c¢), and 1.1 (curve d). The insets show the enlarged views of
the endothermic peaks.

3.2. Thermal expansion properties

As mentioned above, the materials of the A,M301, fam-
ily with smaller A3* cation sizes give rise to a low thermal
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expansion or NTE after the transition from monoclinic to or-
thorhombic phase at higher temperatures. The XRD patterns
of Crg.5Zrp.75Mgp.7sM03012 and Cro.3Zrg.8sMgo.gsM03012
in a temperature range of 300 K-1000 K are measured
and their structure refinements are carried out by the Ri-
etveld method using the program Fullprof. Figure 7 shows
the result of the Rietveld analysis of the XRD patterns of
Cro.5Zr975Mgo.7sM0301; at 500 K. The cell parameters for
x = 1.5 and 1.7 at different temperatures are calculated by us-
ing the method of Rietveld refinement and are shown in Fig. 8.
The average axial CTEs from 400 K to 1000 K are calcu-
lated to be o, = 6.19 x 107° K1, o, = —6.2x 1077 K1,
and o, = —2.44 x 10~ K~ for Crg 5Zrg.7sMgo.7sM0301 and
0, =582x10 K, o =—127x107° K', and o, =
—2.68 x 107% K~! for Cry3Zro3sMgo ssMo30p,. This gives
rise to a linear CTEs (0og = oy /3,) of o = 1.04 x 1076 K~!
and oy = 0.62 x 107 K~! for x = 1.5 and x = 1.7, respec-
tively. It is evident that the anisotropy of the materials de-
creases with the amount of (ZrMg)®" increasing.

It can be seen that the a axes of both samples expand
with the increase of temperature while the b axis and ¢ axis
expand from RT to 400 K and then contract. The more abnor-
mal expansions of the b and ¢ axes than the a axis from RT to
400 K should not be attributed to phase transition of the ma-
terials since they are already in orthorhombic phase at room
temperature as analyzed above. We attribute it to the release
of water species in the microchannels of the building block
structure with the increase of temperature. The water species
can make the b axis and ¢ axis contract much more than the
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a axis and hence the release of the water species leads to a
more abrupt expansion of the b and ¢ axes than the a axis, as

10.241 However, the quantity

revealed in our previous papers.|
of the water species is small since it is not detected by Raman
spectroscopy and DSC. In order to confirm the influence of
the water species on the thermal expansion property, we mea-
sure the length change of a ceramic rod for the composition
of Crg.3Zrgg5Mgp.gsMo30O12 10 min, 2 h, 12 h, and 48 h after
having been heated at 473 K, respectively (see Fig. 9). It shows
that the coefficient of thermal expansion in the low temper-

ature range increases with time, while that above the release
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Fig. 7. (color online) Result of the Rietveld analysis of the XRD pattern
of Crg.5Zrp.75sMgop.7sM03012 at 500 K (Rp = 13.5%, Ryp = 14.7%, and
Rexp = 3.85%). The “+” signs represent the observed profiles. The solid
line represents the calculated profile. Vertical bars indicate the positions
of Bragg peaks for this phase. The lowest curve refers to the difference
between the observed and calculated patterns.
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Fig. 8. (color online) Lattice parameters of Crg 5Zr75Mgp.75M0301> (B symbols) and Crg 3Zrg 3sMgp.ssM0301, (e symbols) at different temperatures.
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Fig. 9. (color online) Length changes of the ceramic rod of
Crg3Zrp.8sMgp.gsM0301, measured (curve @) 10 min, (curve b)
2 h, (curve c) 12 h, and (curve d) 48 h after having been heated at
473 K.

temperature of crystal water remains unchanged, confirming
our analyses above. When the materials have been kept in air
for a longer time, more water molecules would be admitted.

The linear CTEs of Cry_Zrg 5:Mgp 5:M03012 (x = 1.5,
1.7, and 1.9) measured with a dilatometer are 1.4 x 1070 K~1,
1.2x 107% K1, and 0.75 x 107% K~! from 393 K-673 K
for Cro 5Zro.75Mg0.75M03012, Cro 3Zrp.85Mgo.85M03012, and
Cro.1Zr9.9sMgp.9sMo301,, respectively. The CTEs of
Cry_Zry 5:Mgp 5:M0301> (x = 1.5, 1.7, and 1.9) obtained by
dilatometer decrease with the increase of (ZrMg)®* content for
the orthorhombic materials, which is similar to the Rietveld
analysis results. It is noticed that the CTEs measured by XRD
and dilatometer by us are very close, which we attribute to
the low thermal expansion property of the orthorhombic phase
in the large temperature range and lower anisotropy after co-
incorporation of Zr** and Mg?*.

In order to see the effect of (ZrMg)®" incorporation on the
vibrational modes, we compare in Fig. 10 the Raman spectra
of Cry_,Zr( 5:Mgp.5:M0301; for x =0, 0.5, 0.9, 1.1, 1.3, 1.5,
1.7, and 1.9. It is obvious that there are more Raman modes
with the increase of (ZrMg)%* content, though the character-

! yanishes. As discussed

istic Raman mode at about 998 cm™
above, the disappearance of this band is an indication of the
orthorhombic phase formation (x > 1.5). Co-incorporation
of (ZrMg)®* replaces part of Cr’" in the lattice, making the
MoOy tetrahedra share corners with ZrOg and MgOg octahe-
dra besides with CrOg. We attribute, therefore, the additional
Raman bands in the asymmetric stretching region with incor-
poration of (ZrMg)®* to the Mo—O asymmetric stretching vi-
brations originating from the MoQOy tetrahedra sharing corners
with ZrOg and MgOg octahedra.

It is also noticed that the asymmetric stretching Ra-
man bands in orthorhombic Cr,Mo301, shift obviously to-
ward higher wavenumbers after incorporation of (ZrMg)®*
(Fig. 11), indicating the hardening of the bands. Cr’* has
an electronegativity of 1.66 which is larger than Zr*+ (1.33)
and Mg?* (1.31). This means that Zr** and Mg?* ions have a

lower ability than Cr3 ions to attract electrons from the bridg-
ing “O” ions and hence the incorporation of (ZrMg)®* leads
to the strengthening of the Mo—O bonds. The Mo-O bonds
become stronger with the increase of (ZrMg)®t content and
therefore a blue shift of the stretching Raman band occurs.
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Fig. 10. (color online) Raman spectra of Cry_Zrg 5:Mgp 5:M03012
(x=0,0.5,09, 1.1, 1.3, 1.5, 1.7, and 1.9) at room temperature.
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Fig. 11. (color online) Dependences of the stretching mode position
on substitution amount of (Zng)6+. The Raman band positions are
derived from curve fittings of Lorentz line profile.

4. Conclusions

The solid solutions with the formula Cry_Zrgsy-
Mg 5,M03015 (x = 0.0-1.9) are synthesized, and the ef-
fects of Zr*+ and Mg>* co-incorporation on the phase tran-
sition, thermal expansion, and Raman mode changes are in-
vestigated by XRD, Raman spectroscopy, and DSC. It is
shown that Crp_,Zrg 5,:Mgos5:M030O, crystallize into mon-
oclinic structures for x < 1.3 and into orthorhombic struc-
tures for x > 1.5. The phase transition temperature from
monoclinic to orthorhombic structure can be effectively re-
duced with the increase of (Zng)6+ content so that the
Cry_Zry5:Mgo5:M030yp for x > 1.5 crystallize into or-
thorhombic phase at room temperature and keep this structure
until a very low temperature. The overall linear thermal ex-
pansion coefficients decrease with the increase of (ZrMg)®+
content for the orthorhombic materials. The calculated linear
thermal expansion coefficients from 400 K-1000 K are 1.04 x
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107K~ and 0.62 x 1070 K~! forx = 1.5 and x = 1.7, respec-
tively. The co-incorporation of Zr*+ and Mg?* into the lattice

results in the occurrence of more Raman modes and the hard-

ening of the symmetric stretching modes, which are attributed

to the MoOy tetrahedra sharing corners with ZrOg/MgOg oc-
tahedra and to the strengthening of Mo—O bonds due to less
electronegativities of Zr** and Mg?* than Cr>*, respectively.
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