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Svynthesis and characterization of
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Single phase (Sr, _,, K,,)Zr,(PO,)s where x lies between 0.0 and 1.0, ceramic powder with a
submicron scale particle size has been synthesized successfully at calcination temperatures as
low as 650-750°C by a sol-gel technique. The formation of the powder strongly depends on
calcination temperature, but is independent of solution pH in the studied range. Dilatometric
measurement shows an ultra-low linear coefficient of thermal expansion of 0.1 x1078°C~’
when x = 0.5 at temperature intervals of 251000 °C. Thermal conductivity and fiexural
strength of the materials were determined at ambient temperature to be 1.0 Wm ™K™' and as
high as 280 MPa, respectively, indicating that this material can be an excelient candidate in
many applications, especially those subjected directly to severe environments.

1. Introduction

Since the discovery of materials in the system
Na, ;. Zr,P;_.Si),, (known as Nasicon), which ex-
hibit a variety of thermal expansion coefficients from
positive to near zero and to negative, a new structural
family of low thermal expansion materials, designated
NZP (sodium zirconyl phosphate which is regarded as
the prototype composition of Nasicon) [1-3], has
received worldwide attention.

The thermal expansion mechanism of NZP has
been explained by a model based on rotation of
constituent PO, tetrahedra and ZrOg octahedra in
the lattice [4]. The thermal expansion anisotropy
(TEA) caused by opposite crystallographic axial dis-
placement usually limits their applications by the
presence of microcracks [5-7]. Fortunately, due to
their enrichment in ionic substitution [1], the TEA of
the materials can be reduced considerably by in-
corporating materials having an opposing coefficient
of thermal expansion (CTE) such as (Ca,_,,Mg,)
Zr,(POy)s 8, 91, (Ca;_,, Sr)Zr (PO,)s [10] and
Ba,, . Zr,P¢_,,51,,0,, [11]. In spite of having ultra-
low CTE and minimum TEA, thermal conductivity
data of the aforementioned materials are not available
in published papers except for (Ca, _,, Mg, )Zr,(PO,)
which shows lower thermal conductivity [8, 9] com-
pared to ZrO,, a conventional leading thermal barrier
material. ‘ '

In this study, new NZP-type materials containing
alkali and  alkaline-earth  elements, termed
(Sr; -, K,.)Z1,(PO,)s, ie. SKZP, has been synthes-
ized by the incorporation of potassium instead of
some of the strontium in SrZr,(PO,)s [10, 12].
Accordingly, an ultra low CTE resulting from
S1Zr (PO,)¢ and KZr,(PO,);, which possess oppo-
sing axial CTE and low thermal conductivity due to
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increased lattice defects such as vacancies that de-
creasing the mean free path of thermal waves, are
expected. Powder synthesizing parameters, such as
solution pH and calcination temperature, and powder
characteristics were examined. Thermal expansion
and thermal conductivity of the ceramic were also
determined.

2. Experimental procedures

2.1. Powder preparation

Single phase SKZP powders were synthesized by a
sol—gel process, reagent grade SrCO; (99.5%), K,CO,
(99.5%), ZrOCl,.8H,0 (99.0%), and H;PO, (85%),
which were used as starting materials, were prepared
to form 1.0 M aqueous solutions. Zirconium nitrate,
and a nitrate solution containing Sr and K ions with
desired molar ratios, were mixed first. The phosphate
solution was adjusted to pH9 by ammonium water
prior to incorporation in the nitrate solution, which
was stirred vigorously. The solution pH was kept in
the range 7.0-11.0 by adding ammonium hydroxide
until the solution became a gel. The gel was oven dried
at 150°C, and calcined at 400-1100°C to drive off
volatiles, and the resulting powders were examined
using an X-ray diffraction analyser (XRD, Philips
PW1700) and a scanning eclectron microscope
(SEM, Cambridge Instruments, S-360). The X-ray
diffractometer was equipped with a computerized
diffractogram analyser to facilitate crystalline phase
identification.

2.2. Sintering
After characterization, the single phase SKZP pow-
ders were compacted in a stainless steel die under
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uniaxial pressure of 30 MPa, followed by cold iso-
static pressing at 200 MPa for 5 min. The as-pressed
pellets, which were 15 mm in diameter and 5 mm in
thickness, were sintered at temperatures of
1150-1300 °C with and without the addition of ZnO
as a sintering aid. The densities of the as-sintered
bodies were determined using Archimedes’ method,
with water as an immersing medium.

2.3. Characterization

The strength of the SKZP was determined using a
four-point bending tester (Instron, Model 1362) with
specimen dimensions of 3 x 4 x 40 mm?, at a cross-
head speed of 0.5mmmin~'. The outer span was
30 mm and inner span, 10 mm. Five specimens were
used for each measurement. The specimens used for
thermal expansion measurement were prepared cylin-
drically with a standard length of 25 mm. The porosity
of the specimens was less than 5%. The bulk coeffi-
cient of thermal expansion (CTE) of the SKZP was
determined from ambient temperature to 1000°C at
10°Cmin~' by means of a dilatometer (Netzsch,
Model DIL 402E). The thermal conductivity of the
material was determined at ambient temperature us-
ing a laser flash technique (ULVAC, SINKU-RIKO
Inc., Model TC-3000 H M).

3. Results and discussion

3.1. Effect of solution pH

Fig. 1 illustrates the X-ray diffraction patterns of the
resultant powders for x = 0.5 obtained at various
solution pHs followed by calcining at 1100 °C for 10 h.
SKZP precipitates as a single phase solid solution in
all the studied pHs, i.e. from pH 7 to pH 11, however,
it seems difficult to form a single phase material below
pH 6 (not shown), indicative of an alkaline aqueous
solution favouring single phase SKZP formation;
which was also seen in other NZP-type materials [9].
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Figure I X-ray diffraction patterns of SKZP (x =0.5) at: (a)
pH =170, (b) pH =9.0, and (c) pH = 11.0 (powder prepared at
1100 °C, for 10 h).
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The XRD pattern of the single phase SKZP closely
resembles those of SrZr,(PO,) and KZr,(PO,),, ac-
cording to file Nos 33-1360 and Nos 25-1206 of the
Joint Committee on Powder Diffraction Standards
[13], respectively, Fig. 2. It is thus realized that pot-
assium can substitute for the strontium position in the
framework structure, giving rise to a whole range of
solid solutions, and this finding scems to agree well
with the model proposed by Lenain et al. [4]. The
SKZP ceramic is isostructurally related to the NZP
material, which has a hexagonal structure with PO,
tetrahedra and ZrO, octahedra linked by corners to
form a strong three-dimensional network.

3.2. Effect of calcination temperature and time
Fig. 3 illustrates the X-ray diffraction results of the
powder (with x = 0.5) calcining at temperatures of
400-1100°C for 10h. The phase transforms from
amorphous (Fig. 3a) to well crystallized SKZP
(Fig. 3d) at about 750 °C, and the lowest temperature
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Figure 2 X-ray diffraction of (a) SKZP (x = 0.5) compared with the
stored standard powder patterns of (b) SrZr,(PO,)s and (c)
KZr,(PO,);.

. A“. AJL ISRV WO I
(a)
(b)km T Y T
(C)M NN W SV

4__»)L_/\__.._A_JL_./_

A N A A
{d)
(e)
{f)
(9)
10 20 30 40 50 60 70
20 (deg)

Figure 3 Effect of calcination temperature on the formation of
single phase SKZP: (a) 400 °C, (b) 650 °C, (c) 700 °C, (d) 750°C, (e)
850°C, (f) 950°C, and (g) 1100°C.



Intensity {arb. units)

10 20 30 40 50 60 70
20 (deg)

Figure 4 Effect of calcination time on SKZP formation at 850°C:
(@) 0.5h, (by 1 h,(c) 3h (d) 5h, and (e) 10 h.

for single phase SKZP ceramic formation appears to
fall between 650 and 750°C. The transformation of
SKZP is strongly dependent on the temperature, how-
ever, it appears that time is almost irrelevant as depic-
ted in Fig. 4, where SKZP with x = 0.5 was formed at
850°C after only 30min or less. Fig. 5 illustrates
scanning electron micrographs of the SKZP particle
prepared at different temperatures. The particle size
and shape appear to be temperature independent, and
an average size of about 0.1 um at 750°C can be
reached; nevertheless, severe powder agglomeration

seems to occur at temperatures below approximately
950°C (Fig. 5a, b). Necking phenomena occur as a
result of calcination at higher temperatures, in Fig. Sc,
d, and may strongly decrease powder packing ability
and, in consequence, sinterability. The particle size
distribution apparently seems to become more uni-
form and more spherical in shape at lower calcination
temperatures.

3.3. Density and strength

Fig. 6 demonstrates the variation of density in terms
of different sintering temperatures after 2 h firing with-
out ZnO addition, and at half-hour firing with ZnO.
Without the addition of ZnO, the density of the as-
sintered compacts increases slightly with increasing
temperature, but is still low even up to 1300 °C. How-
ever, the density can be improved up to 92% theoret-
ical density (estimated to be 3.25 gcm ™) by employ-
ing 1 wt% ZnO. A near-full dense SKZP ceramic can
be attained while adding 2 wt% ZnO in a very short
period of firing, at temperatures of 1150-1300°C. The
difficulty in sintering the SKZP ceramic may result
from large strontium and potassium ions limiting
mass diffusion in the lattice, e.g. as observed in the
(Ca,Mg)Zr(PO,) system [14].

The four-point bending strength varies with density
up to 280 MPa at near-full dense material with 3 wt %
ZnO, Fig. 7, which exhibits the highest strength am-
ong NZP-type materials [5,6]. The strength, as well

Figure 5 Scanning electron micrographs of the SKZP powder at different calcination temperatures: (a} 750 °C, (b) 850 °C, (c} 950 °C, and (d)

1100°C.

3735



3.5

(Sro.5 Ky 0021, (PO,)s 2 wt % Zn0O
& 3.0
cEJ 1 wt % ZnO
o
>
£25
c
5]
°
x
& 2.0 0 wt % ZnO
1.6 T : T Y
1100 1150 1200 1250 1300 1350

Firing temperature (°C)

Figure 6 Variation of density in terms of different firing temper-
atures at various ZnO contents.
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Figure 7 Strength of SKZP with corresponding bulk density at
various firing temperatures.

as the density, decreases with increasing sintering
temperature suggesting the occurrence of pore coales-
cence due to oversintering. Fracture surface observa-
tion of the SKZP (x = 0.5) ceramic, Fig. 8, indicates a
transgranular fracture mode that dominates the frac-
ture behaviour. More important, no visible micro-
cracks can be seen in the fracture surface at grains
as large as 15 pm, indicative of the elimination of
anisotropic characteristics in thermal expansion that
usually appear in the relevant materials [8, 10].

3.4. Thermal expansion—thermal conductivity
Thermal expansion behaviour of the SKZP ceramics
is shown in Fig. 9, with x = 0.0, 0.2, 0.5, 0.8 and 1.0.
Two end compounds, SrZr,(PO,)s and KZr,(PO,);,
exhibit opposing bulk coefficients of thermal expan-
sion (CTE), ie. 3.1 x107¢°C~! and —12

x 1079 °C respectively. The bulk CTE, however, can
be minimized by incorporating two end compositions
with appropriate ratios, such as those found in
(Cal—m ng)zr4(PO4)6 [7: 8] and (Cal—x’srx)zr4
(PO,)¢ [9] ceramics where ultra-low CTE and low
thermal expansion anisotropy (TEA) were observed at
x = 0.4 for the former and at x = 0.25 for the latter.

3736

Figure 8 Fracture surface of SKZP ceramics, which shows a trans-
granular fracture mode.
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Figure 9 Thermal expansion behaviour of SKZP ceramics for vari-
ous x values.

The influence of porosity on CTE values is negligible
[7], the thermal expansion behaviours in Fig. 8 can,
therefore, be regarded as those of the dense phase. The
CTEs vary from positive values when x < 0.5 to nega-
tive values when x > 0.5, and become near zero at
x = 0.5. The occurrence of near zero CTE at x = 0.5
suggests the near complete annihilation of axial ex-
pansion in the lattice, since it consists of equivalent
amounts of material, ie. SrZr,(PO,)s and
KZr,(PO,);, with opposing axial CTE, a study of
axial expansion using high temperature XRD will be
reported elsewhere [15].

The thermal conductivity of the SKZP ceramic was
determined wusing a laser flash technique at
1 Wm~ 'K~} which is lower than that of ZrO,,
about 2Wm~™!K™1 at ambient temperature and
is comparable with several wel known NZP-type
ceramics (Ca, _,,Mg)Zr,(PO,)s [9] and (Ca, _,,Sr,)
Zr,(POy)g [16]. The lower thermal conductivity of
SKZP may result from the formation of lattice defects,
such as oxygen vacancy and/or positive ion vacancy,
which act as a scattering centre for thermal waves, due
to ion substitution [17].

4. Conclusions
Single phase (Sr, _,, K,,)Zr,(PO,)s powder has been



synthesized successfully via a gel technique at calcin-
ation temperatures as low as 650-750 °C. The powder
obtained shows an average particle size varying from
about 0.1-0.5 um, and has an uniform distribution in
size and shape. The SKZP ceramic exhibits flexural
strength as high as 280 MPa, a near zero bulk coeffi-
cient of thermal expansion, i.e. 0.1 x 1075°C~*, while
x = 0.5, and a low value of thermal conductivity,
which makes the material an excellent candidate for
application in severe environments, especially for ther-
mal insulating applications.
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