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Low thermal expansion and low thermal
expansion anisotropy ceramic of Sr,:Zr,(PO,);

system
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A low thermal expansion ceramic with a very low thermal expansion anisotropy was synthesized
from the Sr,5Zr, (PO,); system. The sintering was promoted by addition of MgO, and the sol-
gel technique also improved the sinterability. The thermal expansion of the crystal was lowered
by substituting Nb®" for Zr** and 1/2Sr** pairs, becoming near-zero for Sry,sNb, sZr, 5 (PO,).
All dense ceramics in this system had a strength of about 80 MPa, and did not suffer micro-
cracking even in the coarse-grained polycrystalline ceramics, owing to the very low thermal

expansion anisotropy of the crystals.

1. Introduction

Some compounds in the NaZr,(PO,); family have
been reported to be low thermal expansion materials
in recent years [1-8]. The crystal structure of NaZr,
(PO, ), consists of a rigid three-dimensional network
of PO, tetrahedra sharing corners with ZrO, octa-
hedra and a three-dimensionally linked interstitial
space occupied partially by Na* ions [6, 9, 10]. The
total thermal expansion is influenced mainly by inter-
stitial ions: for example, a smaller amount or a larger
ionic radius of the interstitial ion results in a lower
thermal expansion [6]. Therefore, for KZr,(PO,), in
which a larger K* ion was substituted for Na™, or for
Na, . Nb,Zr, .(PO,); which contained less inter-
stitial ions, the total thermal expansion decreased and
near-zero expansion ceramics were produced [7, 11].
However, when their ceramics were heated for long
times at high temperatures, the grains grew to a large
size and microcracking occurred because of the large
thermal expansion anisotropy, resulting in a lowering
of the strength. The critical grain size for microcrack-
ing is related to thermal expansion anisotropy, increas-
ing when anisotropy decreases [12, 13].

The thermal expansion of Sr, ;Zr,(PO,), is relatively
low (z, = 2.6 x 107°°C™!, o, = 1.7 x 107¢°C"!
and o, = 2.3 x 107°°C™"), and the thermal expan-
sion anisotropy is very low [6]. Limaye et al. [8] reported
the synthesis and expansion of My ;Zr,(PO,); (M =
Mg, Ca, Sr, Ba), but a dense ceramic of Sry s Zr, (PO, );
has not yet been obtained. In this study, the synthesis
of dense, strong and low thermal expansion ceramics
with a very low thermal expansion anisotropy, which
would remain free from a lowering of strength by
microcracking, was attempted from the Sr, sZr,(PO,);
system.

2. Experimental procedure

Sr, sZ1, (PO, ); was synthesized by the solid-state reac-
tion and the sol-gel method. Starting materials were
regent-grade chemicals. In the solid-state reaction
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method, SrCO;, ZrO, and (NH,),HPO, were wet-
mixed in acetone, dried at 100°C, calcined at 300°C
for 24 h, 600° C for 4 h and 900° C for 2 h, ground, and
then fired at 1300°C for 24 to 48 h to obtain a single
phase. The obtained powder was further ground to
< 2 um. In the sol-gel method, SrCO, was dissolved in
a 0.5M aqueous solution ZrOCl, - 8H,0; then 0.5M
aqueous solution (NH,),HPO, slowly was added to
the solution with stirring. The reaction mixture was
dried at 100°C and calcined at elevated tempera-
ture. Srys;_yNb,Zr, (PO,); solid solution was
synthesized by the solid-state reaction of SrCO;,
7r0Q,, (NH,),HPO, and Nb,0;.

The products were identified by X-ray powder dif-
fraction, and the lattice parameters up to 1200° C were
determined by high-temperature diffraction technique.
Platinum powder was used as an internal standard.
The diffraction patterns were measured in a 260 range
of 18° to 55° (CuKu) and up to ten major peaks were
indexed.

After 0 to 5wt % MgO was added as a sintering aid,
test specimens for sintering were formed under
50 MPa in the shape of 16 mm diameter tablet or
Smm X Smm x 60mm bar, and then were sintered
at temperatures ranging from 1100 to 1500°C. The
bulk density of the sintered ceramics was determined
by the Archimedean method using distilled water as a
displacement liquid. The thermal expansion of the
polycrystalline ceramics was measured from room
temperature to 800° C with a silica glass differential
dilatometer. The strength was measured by the three-
point bending test. The microstructures were observed
by a scanning electron microscope. Details of the above
had been similar to those reported early [6, 7, 11].

3. Results and discussion

3.1. Synthesis of Sry5Zr, (PO,); ceramic
3.1.1. Solid-state reaction method

First, Sr, sZr,(PO,), powder prepared by the solid-state
reaction was sintered. Dense polycrystalline ceramic
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Figure | Variation of density and strength of Sr,Zr,(PO,), with
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Figure 3 Scanning elect_roh micrographs of fracture surfaces of Sr,;Zr,(PO,), sintered with 5wt % MgO: (a), {c) 1300°C for 1h, (b
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Figure 2 Variation of density and strength of Sr,Zr,(PO,), with
sintering time.

(f) 1400° C for 8 h, (d) 1300°C for 8h, and (e) 1400°C for 1 h. (c) to (f) After etching.
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Figure 4 Thermal expansion curves of SrysZr,(PO,), ceramics.

could not be obtained by firing pure Sr;Zr,(PO,);
even at > 1500°C. Accordingly, some MgO, which
had been proved to be an effective sintering aid for the
densification of (ZrO),P,0, [14], KZr,(PO,), [11] and
Na,_,Nb,Zr, .(PO,); [7], was added in order to
obtain a dense and strong ceramic. Fig. 1 shows the
variation of density and strength with sintering tem-
perature and MgO concentration. Relative density up
to 95% was achieved by sintering with 5wt % MgO at
> 1300°C. The densification rate of Sry;Zr,(PO,),
was slow compared to KZr,(PO,); and Na,_ Nb,Zr,_,
(PO,),, in which dense ceramics could be sintered with
5wt % MgO at 1200° C in a short time. It was deduced
that the predominant mechanism for densification of
the NaZr,(PO,), family was the sintering in the
presence of a liquid phase such as an alkali phosphate
{7, 11]. The minimum temperature of the liquid phase
in the system MgO-SrO-P,0; is higher than those of
the systems MgO-K,0-P,0; and MgO-Na,O-P,0,
[15]. In other words, an alkali metal such as sodium or
potassium would decrease the melting point of the
liquid phase formed during sintering. Therefore, it
was believed that the densification of systems con-
taining an alkali metal was accelerated at lower
temperatures.

Fig. 2 shows the variation of density and strength
with sintering time. The densification was almost com-
pleted by sintering for 2h at 1300° C and for 30 min at
1400° C, and then the strength also increased with
densification. Although the strength decreased a little
after prolonged sintering, this decrease was obviously
different from (ZrO),P,0, [14], KZr,(PO,); [11] and
Na,_ Nb,Zr,_ (PO,); [7] in which the strength
decreased drastically due to microcracking.
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Figure 5 TG and DTA curves of SrysZr,(PO,); gel.
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Figure 6 Influence of calcination on green density and sintered
density of Sry,Zr,(PO,);.

Fig. 3 shows the typical microstructures of the poly-
crystalline ceramics. As shown in Figs 3a and b, the
fracture surfaces of dense samples presented uniform
microstructures with some pores, which seemed to
consist of a glass phase. The pore size became larger
with increasing sintering time. When the surface was
etched by HF solution, as shown in Figs 3c to f, grains
appeared clearly. The grain size increased with increas-
ing temperature and time, and reached > 50 um at
1400° C after 8 h. However, no microcracks could be
found even in coarse-grained ceramics. Therefore, it
was concluded that the slight decrease in strength as
shown in Fig. 2 was caused by only the effect of grain
size.

Fig. 4 shows the typical thermal expansion curves of
sintered ceramics. Not all the samples exhibited ther-
mal expansion hysteresis loops, indicating that there
were no microcracks in the polycrystalline ceramics.
The ceramics of pure Sry;Zr,(PO,), without MgO
had a linear thermal expansion coefficient of 2.1 x
107°°C~', which is near the average thermal expan-
sion coefficient of the crystal. The thermal expansion
coefficient increased with increasing amount of MgO,
and reached about 2.9 x 107°°C~' for the sample
sintered with 5wt % MgO. It was considered that this
increase of thermal expansion coefficient was due to
the glass phase. Therefore, in order to decrease the
amount of MgO as far as possible, a reactive fine
powder was prepared by the sol-gel method.

3.1.2. Sol-gel method

Fig. 5 shows the TG and DTA curves of Sr, Zr,(PO,),
powder prepared by reacting SrCO;, ZrOCl, - 8H,0
and (NH,),HPO, in an aqueous solution. The endo-
thermic peaks and weight loss below 500°C corre-
sponded to dehydration and release of other volatiles.
The weight loss was slight at > 500° C. A sharp exo-
thermic peak was observed at around 900°C in the
DTA curve. The powder remained amorphous when
calcined up to 800°C, and the XRD pattern of
SrysZr,(PO,); single phase appeared at 900°C.
Therefore, it was thought that the exothermic peak
was the crystallization of the gel. In this method, a
SrysZr,(PO,); single phase was formed directly from
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Figure 7 Variation of density with sintering
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Figure 9 Scanning electron micrographs of fracture surfaces of Sry,Zr,(PO,), sintered with 1wt % MgO at 1200°C; (a), (d) 30min,
(b), () 8h, (c), (f) 1400°C for 8 h. (d) to (f) After etching.
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Figure 10 Thermal expansion curves of SrsZr,(PO,); ceramics.

an amorphous phase without any secondary phase, e.g.
ZrP,0; which was formed as a transient intermediate
phase in the solid-state reaction method.

Fig. 6 shows the influence of calcination on den-
sification. The green density increased with increasing
calcination temperature. The bulk density of sintered
ceramics also increased with increasing calcination
temperature up to 1100°C, but it decreased at
1200° C. Therefore, the powder calcined at 1100° C for
1 h was chosen for subsequent runs.

Figs 7 and 8 show the variation of density and
strength with sintering temperature, time and MgO
concentration. The higher density was obtained with
the addition of less MgO for a shorter time at lower
temperature, compared to the sintering of the solid-
state reaction powder. Further, the pure Sr,Zr,(PO,),
powder could be densified to the relative density of
93% by sintering at 1400°C for 16 h. The strength
of dense ceramics also increased to about 80 MPa,
and did not change much even if the sintering was
prolonged.

Fig. 9 shows the typical microstructures. As shown
in Figs 9a to c, the fracture surfaces had some pores in
a uniform matrix, which were similar to those of
samples sintered from the solid-state reaction powder.
However, as shown in Figs 9d to f, the grains in the
sol-gel samples were in close contact with each other
and it seemed that there was no intergranular phase,
because the amount of MgO was very small. The
grains grew larger with sintering time.

Fig. 10 shows the typical thermal expansion curves.
Owing to the small amount of MgO, the ceramics

obtained had a low linear thermal expansion coef-
ficient of 2.4 x 107°°C~' which was near the average
of the crystal.

3.2. Synthesis of Sryg(;-,)Nb,Zr;_, (PO, )3
ceramic
3.2.1. Thermal expansion of Sry 5, Nb,Zr,_,
(PO,); crystal lattice

The thermal expansion coefficient of SryZr,(PO,),
ceramic could never have a value below 2.1 x 107%°C™!
which is the average of the crystal. Furthermore, the
value of the sintered ceramics would increase because
MgO was added. Therefore, in order to lower the
thermal expansion, the amount of interstitial Sr** ion,
which mainly contributed to the total expansion, was
decreased by substituting Nb** for Zr**, as in the case
of Na,_,Nb,Zr,_ (PO,), [7].

Fig. 11 shows the lattice parameters of Srys,_,
Nb,Zr,_,(PO,); plotted against temperature. Fig. 12
shows the variation of thermal expansion coefficient
with x. The thermal expansion of the c-axis was
almost independent of x. On the other hand, the ther-
mal expansion of the g-axis decreased with increasing
x, that is, with decreasing strontium content, and
began to contract at x > 0.5. Consequently, the
average thermal expansion coefficient became near to
zero at x = 0.5, and then the thermal expansion
anisotropy increased to some extent. However, this
anisotropy was very small compared to KZr,(PO,),
[11], Na,_,Nb,Zr, ,(PO,);[7] or other compounds in
the NaZr,(PO,);-type structure. Therefore, syn-
thesis of the near-zero expansion ceramic with low
thermal expansion anisotropy was attempted from
S1925Nbg sZr; 5(PO,);.

3.2.2. Synthesis of Sr,,sNbys2Zr, 5(PO,);
ceramic

Sry25Nby s Z1, 5 (PO, ), powder was also densified by the
addition of MgO. Fig. 13 shows the densification
curves and the strength of the sintered ceramics. The
results were similar to those for Sry;Zr,(PO,), cer-
amics. In this case, however, as niobium could decrease
the melting point of the glass phase formed during
sintering, the optimum amount of MgQO was 3wt %,
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Figure 12 Thermal expansion coefficients of Sty 5, _ ,Nb Zr,  (PO,),
plotted against x.

that is less than the 5wt % needed in the case of
StosZr, (PO, );.

Fig. 14 shows the typical microstructures. The frac-
ture surfaces consisted of relatively large amounts of
a glass phase and large pores. The grains were more
rectangular in shape as shown in Figs 14d to f com-
pared with the fracture surfaces of Sr,;Zr,(PQO,), in
which the grains were roundish, as shown in Fig. 3.
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Figure 13 Variation of density and strength of Sry,,sNby s Zr, ;(PO,),
ceramics with sintering temperature and time.

In addition, no microcracks could be found even in
samples with grains over 30 um.

Fig. 15 shows the thermal expansion curves. A
sample without MgO had a slightly negative expan-
sion curve, which could be expected from the average

Figure 14 Scanning electron micrographs. of fracture surfaces of Sry,;Nb, ;Zr, (PO, ); smtered with 3wt % MgO at 1300°C: (a), (d) for 2h,

(b), (&) 8h, and (c), (f) 1400°C for 2h. (d) to (f) After etching.
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Figure |5 Thermal expansion curves of Sry,sNbysZr s(PO,);
ceramics.

of the crystal. The thermal expansion curve of the
sintered ceramic became larger due to MgO addition,
but it still had a very low linear thermal expansion
coefficient of about 1.5 x 107¢°C~".

Fig. 16 shows the weight loss of the NaZr,(PO,),-
type ceramics. It was obvious that the ceramics in the
Sty sZr,(PO,); system presented a better stability
against decomposition at high temperatures com-
pared to KZr,(PO,); [11] and NbZr(PO,), {7].

4. Conclusion

Dense, strong and low thermal expansion ceramics
with a very low thermal expansion anisotropy were
synthesized from Sr,;Zr,(PO,);. The densification
was accelerated by adding MgO which formed a liquid
phase during sintering. Consequently, the linear ther-
mal expansion coefficient increased. By using a reac-
tive fine powder prepared by the sol-gel method, a
dense ceramic with a relative density up to 97% was
obtained by sintering at 1200°C with 1wt % MgO.
The ceramic showed a linear thermal expansion coef-
ficient of 2.4 x 107¢°C™".

The Srysq_oNb.Zr, . (PO,); system substituted
with Nb** for Zr** and 1/2Sr** pairs was also investi-
gated. The thermal expansion of the a-axis of the
crystal decreased with x, becoming negative at x ~ 0.5,
while that of the c-axis changed little. The average
thermal expansion coefficient decreased with x, becom-
ing near zero at x = 0.5. The anisotropy, however,
increased to some extent. The dense ceramic of Sry,;
NbgZr, s(PO,), presented a very low linear thermal
expansion coefficient of about 1.5 x 107°°C~".

All ceramics in the system had a strength of about
80 MPa, which was not reduced even in the coarse-
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Figure 16 Weight loss of (O, 0) Sty s Zr,(PO,),, (@, W) Sry,sNb, Zr, 5
(PO,);. (&) KZr,(PO,), and (a) NbZr(PO,), ceramics.

grained polycrystalline ceramics developed by prolonged
sintering, because the very low thermal expansion
anisotropy of the crystal did not produce any micro-
cracks. These also decomposed little, even at 1500°C,
although the substitution of niobium can somewhat
lower the stability.
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