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Tailoring of thermal expansion and phase transition
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and enhancement of negative thermal expansion of ZrW; 5P, 50775
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ZrW;Og is a typical isotropic negative thermal expansion material with cubic structure. However, quenching prepa-
ration, pressure phase transition and metastable structure influence its practical applications. Adopting P to part-substitute
W for ZrW,_,POg_q 5, has decreased the sintering temperature and avoided the quenching process. When x = 0.1,
ZrW 9Py.107.95 with a stable cubic structure can be obtained at 1150 °C. The thermal expansion coefficient is tailored
with the P content, and phase transition temperature is lowered. When x = 0.5, thermal expansion coefficient attains
—13.6x 1076 °C~!, ZrW 5Py 507 75 exhibits enhance negative thermal expansion property. The difference of electroneg-
ativity leads to the decrease of phase transition temperature with the increase of P content. The different radii of ions lead
to new structure of materials when P substitutes more. The results suggest that the P atom plays the stabilization role in the

crystal structure of ZrW,_,P,Og_¢ sx-
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1. Introduction

Mismatch in thermal expansion coefficients of differ-
ent materials can lead to thermal stress and even to fail-
ure when temperature changes abruptly. There have many
materials which exhibit low and negative thermal expansion
(NTE).['-%1 They have been of considerable interest due to
potential application in tailoring coefficient of thermal expan-
sion. ZrW,Og is an amazing material because it exhibits a
relatively large isotropic negative thermal expansion (NTE)
over a wide temperature range of —272.7 °C to 777 °C.U7:8]
However, there are some problems in ZrW;QOg. First, on heat-
ing, the structure changes from one cubic phase (a-phase) to
another (B-phase) at 180 °C. The coefficient of thermal ex-
pansion (CTE) of ZrW,0g is —8.8 x 1076 °C~!, and —4.9 x
107® °C~! for a-phase and B-phase ZrW,0g. Second, the
cubic phase a-ZrW,0Og will transform to the orthorhombic
phase 7-ZrW,0g under low pressure (0.27 GPa).[%!9 Third,
hydration of ZrW,0Og gives the monohydrate ZrW,0g—H;O,
which has a molar volume 10% smaller than ZrW,Og.[''l NET
only appears after the loss of crystal water. However, cu-
bic phase ZrW;,Og is a metastable phase at room temperature
needing quenching preparation, which is prone to temperature
and pressure phase transition and decomposition.

Ion substitution can change the phase transition

and the thermal expansion coefficient of the material.
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ZrWy VOg_, /> and Zr(W;_yMoy), VOg_, /> have been
reported with negative thermal expansion property by using
the substitutions V and/or Mo for W in ZrW,0g.12 141 How-
ever, tailored thermal expansion phenomenon is not obvious,
which could be related to the NTE of ZrV,07.'5 ZrP,0;
with similar cubic phase at room temperature to ZrV,0O7 could
be a better candidate due to its positive thermal expansion
property. !¢l Dual-ion substitutions of Cu?*/P>* or Fe3*/P3+
for Zr**/V>7T in ZrV,07 have been reported.!!”-18] However, it
is difficult to reach a high solubility of the dopants in ZrV,07.

To obtain a stable NTE material, A;M301; (A represents
trivalent metals such as Y, Yb, In, Fe, and Al) is a good
choice. The framework structures of A,M3O1, are composed
of MOy tetrahedron and AQg octahedron. Zr,WP,0O;, could
be a typical example for obtaining novel NTE material, how-
ever, the NTE coefficient is only about —2.61 x 1076 g1, 19]
Isobe et al. sintered Zr,WP,O1, with more than 0.5 wt%
MgO, the NTE coefficient is only about —3.4 x 1076 K~1.[20]
Zr;W,P,05 exhibits the NTE property with larger CTE.[?!]
On the other hand, the orthorhombic-cubic phase transition
temperature of Zr(Wj_yMoy)>_,VOg_, /> decreases linearly

[12.13] The phase transition tem-

with increasing V content.
perature (from o-phase to f-phase) of ZrW,_,V,0Og_, /2 de-
creases linearly with increasing V content. When x > 0.29,

ZrW,_V,0g_g s, is B-phase at room temperature.!'4 Light-
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weight zero-thermal expansion materials were developed by
ZrW;,0g and SiCnw/Al (nw: nano wire).[?? It is predictable
that the P substitution for W in ZrW,0Og could decrease the
phase transition temperature.

In this work, ZrW,_,P,Og_ 5, solid solutions are devel-
oped by the solid state method with substitution of P3* for
WOt The sintering temperature is decreased and the quench-
ing process is avoided. With increasing the P content, the
CETs of the samples are tailored, and phase transition tem-
perature is lowered.

2. Materials and methods

ZrW,_,P,Og_ 5¢ was synthesized by solid state method
from WOs3, ZrO, and P,Os. The raw materials were mixed
according to the stoichiometric ratios of destination materials
and ground in a mortar for 3 h, put into dry box at 140 °C for
10 h, and then pressed into tablets with length about 10 mm
and diameter 10 mm followed by sintering at 1150 °C for 2 h
(x=0.1and 0.2), and 1100 °C for 2 h (x > 0.3), finally cooled
down in furnace naturally.

X-ray diffraction (XRD) measurements were carried out
with an X‘Pert PRO x-ray diffractometer.
troscopy (Renishaw MR-2000 Raman spectrometer) was used

Raman spec-

to characterize the vibrational property of lattice. The lin-
ear thermal expansion coefficients of the samples were mea-
sured by employing a dilatometer (LINSEIS DIL L76), with
the heating and cooling rates of 5 °C/min.

3. Results and discussion

Figure 1 shows the XRD patterns
ZrW;,_,P,Og_os5c.. When x = 0.0, the primary diffraction
peaks are corresponding to ZrW,0Og (JCPDF card: 01-089-
6670). When x = 0.1 (see Fig. 1(a)), the primary diffrac-
tion peaks are corresponding to x = 0.0, which indicates that

of prepared

ZrW 9P 107,95 with cubic structure is successfully obtained.
We can obtain pure phase with cubic structure at lower temper-
ature of 1150 °C, which reduces the energy loss of preparing
cubic phase zirconium tungstate. However, comparing the
diffraction peaks of the samples with x = 0.0 and 0.2, we
can observe that there is the secondary phase in x = 0.2 (see
Fig. 1(b)). From x = 0.2 to x = 0.5, the relative intensity of
main diffraction peak at about either 21.8° remains strongest
diffraction peak, or 23.8° is secondary main peak the primary
peaks still remain that of x = 0, indicating that the primary
structure is the same crystal structure (cubic structure) as that
of ZrW;,0Og. The characteristic peak Miller index correspond-
ing to a thought at around 31° is 310, which is always present
at room temperature. This means that materials are ¢¢-phase.
The strongest diffraction peak at about 21.8° continues to
weaken, the secondary peak becomes stronger and it becomes

strongest diffraction peak when x > 0.6. Some new diffraction
peaks appear at about 12°, 15°, 20°, 22.5°, 23.5°, and 24.5°.
They emerge with further increasing substitution amounts of
P>t from x = 0.6 to x = 0.9. At the same time, the peaks at
16.0° and 19.4° disappear. The XRD result shows that the
symmetry of crystal lattice changes from cubic to orthorhom-
bic or monoclinic structure with increasing the substitutions
of P5* for WO+,
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Fig. 1. XRD patterns of ZrW,_,P,Og_¢ 5, withx=0,0.1,0.2,0.3, 0.5,
0.6, 0.7, 0.8, and 0.9.

Figure 2(a) is a comparison diagram of the XRD patterns
of x = 0.1 and the JCDPDF card (083-1005). It is obvious that
the sample of P-doped ZrW,Og presents basically the same
structure as that of ZrW,Og (PDF No. 01-083-1005, space
group: Pa3). The shifts of the peaks suggest a decrease in
lattice constant and this is confirmed by lattice constant calcu-
lations as shown in Fig. 1. Figure 2(b) shows that the lattice
constant decreases successively with increasing the content of
P. The lattice constants are determined using about 32 diffrac-
tion peaks between 10° and 80° by a least-square method after
correcting 260. The lattice constant decreases from 0.915 nm
to 0.913 nm as the P substitution increases. The decrease in
lattice constant is attributed to the introduction of the radius of
P35+ (38 pm) smaller than that of W (62 pm). Figure 2(c)
is a comparison diagram of the XRD patterns of x = 0.8 and
the JCDPDF card (089-2239). It is obvious that the sample of
P-doped ZrW,Og presents basically the same structure as that
of Zr,WP,01, (PDF No. 01-089-2239, space group: Pnca),
which indicates the ZrW 2Py 3O7 ¢ crystals in the orthorhom-
bic structure.
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Fig. 2. (a) XRD patterns of ZrW; 9Py 1O7.95 and XRD peaks of JCD-
PDF #01-083-1005. (b) Dependence of the lattice constants of P-doped
ZrW,0g on the value of x. (c) XRD patterns of ZrW; ,PygO7¢ and
XRD peaks of JCDPDF #01-089-2239.

Figure 3 shows the Raman spectra of the as-prepared
ZrW;_,P,Og_¢ 5,. All Raman peaks could be considered to be
caused by stretching and bending vibrations of PO4 and WO4
tetrahedrons.['2) When x = 0, the Raman spectra agree
with the previous report,['%1 which means that the sample is
pure ZrW,0Og. The peaks at about 1028 cm~ !, 929 cm !,
and 900 cm~! could be referred as symmetric stretching (v1)
of the WOy tetrahedra. The peaks at about 788 cm™' and
734 cm~! could be referred as asymmetric stretching (v3) of
the WOy tetrahedra. Bending (V2 + v4) vibrations of the WO4
tetrahedra falls in the regions of 200400 cm~!. The lower
wavenumber bands are external modes from lattice, transla-
tional and librational motions.!!”) There are few changes with
the addition of P first (x < 0.5), except that there appear new
Raman peaks at about 868 cm~! and 1019 cm’l, however
stretching of the POy tetrahedra is not found. This is due to
the lattice strain caused by the addition of P. These phenom-

ena illustrate that the materials remain the cubic structure of
ZrW;,0g.

When x > 0.6, some new peaks at about 1095 cm™ L,
1037 cm~!, 1019 cm ™!, and 824 cm~! emerge and other peaks
at about 1028 cm~!, 929 cm~!, 900 cm~!, 788 cm~!, and
734 cm~! disappear at high wave numbers. By comparison
with Raman spectra of other compounds with the general for-
mula ApM30,, 17181 and Zrw,Og, these new modes at about
1095 em ™!, 1037 cm ™!, 1019 cm ™!, and 824 cm~! vibrations
can be classified as stretching of the WO, and POy tetrahedra
in ZryWP,01,116:192% and 250 cm !, 303 cm ™!, 315 em ™!,
346 cm~!, 408 cm~!, and 427 cm~! can be classified as bend-
ing of the WO4 and PO4. The disappearance of the character-
istic vibration peaks indicates that the cubic phase no longer
exists. The phenomena indicate that there is phase transition
caused by the large amount of P substitution. The Raman spec-
tra of materials are similar with Zry WP,O5.21 These indi-
cate that the structure of Zr, WP, is orthorhombic at room
temperature. It can be indicated that the materials crystalize
in orthorhombic structure. The result agrees with the result of
XRD.
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Fig. 3. Raman spectra of ZrW,_,P,Og_o s, with x =0, 0.1, 0.2, 0.3,
0.5, 0.6, 0.7, 0.8, and 0.9 (a—j).

In order further to check the effect of the substitution of P
for W of ZrW;QOg, the microstructures of ZrW;_,P,Og_.sx
are performed by SEM (Figs. 4(a)-4(d) for x = 0.2, 0.5,
For x = 0.2, the SEM image
shows that the materials are composed of almost homoge-

0.6, and 0.9, respectively).

neous particles in the grain size of about 4-8 pum, and there
This
means that the material has good consistency and unifor-

are few holes and the structure is dense (Fig. 4(a)).

mity. The same result EDS is obtained by the energy dis-
persive spectroscopy (EDS) spectrum analysis and elemen-
tal mapping grains [Fig. 4(e)]. For x = 0.5, the grain size is
no longer uniform. However, microstructure comprises reg-
ular shaped particles with clear boundaries, smooth surface.
The result of EDS of ZrW; 5Py 50775 (Fig. 4(f)) indicates
that various elements are evenly distributed. The structure of
ZtW,_,P,Og_qg5¢ (x <£0.5) is a framework of corner-sharing
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ZrQg¢ octahedra and WOy (or POy) tetrahedra. The octahedra
share all their six corners with different six WQy tetrahedra
while WOy tetrahedra share only three of their four oxygens
with the neighboring ZrOg octahedra. This would make the
materials to crystalize in cubic structure (Figs. 4(a) and 4(b)).
The results of XRD and Raman reach the same conclusion.
However, increase of P (x > 0.6) will strengthen the lattice

distortion because of the difference of lattice radius of WO+
and P>*. For x = 0.6 and 0.9, the material is no longer com-
posed of regular particles, but of irregular rock-like structure
with sharp corners. This is because the crystal structure of the
material has changed. The results agree with the data of XRD

and Raman spectra.
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Fig. 4. (a)—(d) SEM image of ZrW,_,P,Og_ 5, with x = 0.2, 0.5, 0.6, 0.9 and (e), (f) EDS mapping for x = 0.2 and 0.5.
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Fig. 5. Relative length change versus temperature with (a) x = 0.1, 0.3,
0.5,0.7,0.9, and (b) x = 0.2, 0.4, 0.6 and 0.8.

Figure 5 shows the relative length changes of
ZrWo_P,Og_g s, withx=0.1,0.3, 0.5, 0.7, and 0.9, x = 0.2,
0.4, 0.6 and 0.8, respectively, obtained from dilatometer. It
is found that the samples prepared with different P contents
have different relative linear thermal expansions. Phase tran-

sition temperature is related with P content, which means
that P can affect both thermal expansion and phase transition
temperature of materials. We can see that phase transition
temperature decreases with the increase of P content, mean-
while the thermal expansion coefficients of materials before
and after phase transformation are inhibited with the increase
of P content. However, when x = 0.5, there is an abnor-
mal phenomenon. The thermal expansion coefficient attains
—13.6 x 1076 K~! before phase transformation. This is higher
than that of ZrW;0Og. The thermal expansion coefficient at-
tains —3.29 x 1076 K~ after phase transformation, which is
much lower than that of ZrW,0g. The phase transition tem-
perature of x = 0.1, 0.2, 0.3, 0.4, and 0.5 are 163 °C, 183 °C,
160 °C, 177 °C, and 180 °C, respectively. It can be found that
thermal expansion coefficients decrease with the increase of P
content, especially for x = 0.8 and 0.9 the thermal expansion
coefficients are about —2.12 x 10~® K~!, which is close to
ZryWP;01,. These means that a large content of P leads to
the change of material structure.

For ZrW,0g (Fig. 5), there are two turning points cor-
responding to two phase transitions from a-phase to -phase
and unknown phase transition. ZrW,Og presents lower NTE
property after the latter phase transition. For ZrW 5Py 5075
(Fig. 4), only one turning point is observed and the ther-
mal contraction is strengthened. The electronegativity of P is
higher than that of W, the bond strength of W—O is higher than
P-0, phase transition absorbs less energy, and phase transi-
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tion temperature is lower than ZrW,Og (see Fig. 5). However,
ionic radius of P>* (38 pm) is less than that of W (60 pm),
this could lead to that atomic space occupancy decrease when
P content is low (x < 0.5). With increasing the content of P, the
coefficients of thermal expansion below the turning temper-
ature are remarkably further suppressed, suggesting that the
latter phase transition is largely suppressed. P-doped ZrW,Og
samples with x = 0.8 and 0.9 present low thermal expansion
without turning point. The bond length of P-O is shorter than
W-0, lattice distortion could occur with the increase of P con-
tent (x > 0.6) (see Fig. 1) and the Coulomb interaction be-
tween ions is larger, which lead to lower thermal expansion
coefficient (see Fig. 5).

4. Conclusions

New serial NTE materials of ZrW,_,P,Og_g 5, are pre-
pared with the solid state method. The phase transition tem-
perature and thermal expansion coefficient are influenced by
the P content. It is found that materials remain cubic struc-
ture when x < 0.5, and change to orthorhombic structure when
x> 0.6. When x = 0.1, ZrW, 9Py 10795 with a stable cubic
structure can be obtained at 1150 °C. The thermal expansion
coefficient attains —13.6 x 1076 K~! before phase transforma-
tion when x = 0.5, which is higher than that of ZrW,Os. The
phase transition temperature is 110 °C when x = 0.6. When
x = 0.8, 0.9, the structure and thermal expansion are close to
Zr, WP,01, except that there is phase transformation at about
140 °C.
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