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Abstract

Cag.75+05¢Zr1 5F€0.5(PO4)3 x(Si04)y (X = 0-0.5) solid solutions have been synthesized
by a sol-gel process and characterized by X-ray diffraction, IR spectroscopy, and
differential scanning calorimetry. As expected, the synthesized phosphatosilicates
crystallize in a NaZr,(PO,)s-type structure (trigonal symmetry, sp. gr. R3c). The
thermal expansion of the solid solutions has been studied by high-temperature X-
ray diffraction in the temperature range from 25 to 800°C. Their thermal expansion
parameters have been calculated and analyzed as functions of composition. High-
density ceramics based on the CaggrsZr1sFeqs(PO4)275(Si04)025 phosphatosilicate
have been produced by spark plasma sintering and their structure and properties
have been studied in detail.
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INTRODUCTION

Thermal expansion is an important characteristic of materials for the production
of apparatuses, instruments, and mechanisms intended for operation under variable
temperature conditions. It is important that materials in contact with each other
have similar thermal expansion coefficients, so a search for possibilities of
tailoring their thermal expansion is a critical issue.

Compounds that are structural analogs of NaZr,(PO,); (NZP) are promising as
key components of materials with tailored physicochemical properties. Well-
known members of this family possess high thermal and chemical stability,
radiation resistance [1, 2], and ionic conductivity [3-5]; good catalytic [6] and
luminescent properties [7, 8]; and low thermal expansion [9-11]. There is ample
evidence that they can be used to produce essentially pore-free ceramic materials
with good physicomechanical properties [2, 12-14].

NZP-type compounds have a framework structure[15]. The key components of
the framework are zirconium octahedra (ZrOg) and phosphate tetrahedral (PO,),
which share oxygens. Groups of two octahedra and three tetrahedra form a three-
dimensional framework containing voids, which are predominantly occupied by
large, low-charged cations. Compounds with such structure can be described by the
general crystal-chemical formula (M1)"'(M2);""[L2(XO4)s], where L and M (M1
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and M2) represent sites of framework and extraframework atoms, and VI and VIII
specify their coordination environment. The M sites can be fully or partially
occupied and can remain vacant.

This structure type offers the possibility of varying the composition of
compounds over wide ranges without drastic changes in the structural basis of the
framework, whereas the properties of the compounds will change significantly [16,
17], which means that their properties can be tailored as required.

The thermal expansion of NZP-type materials has been the subject of extensive
studies from the mid-1980s [9, 18, 19] and continues to attract researchers
attention [11, 20]. In most cases, heating causes the unit cell of these materials to
expand along the crystallographic axis ¢ and contract along the a and b axes (with
thermal expansion coefficients o, > 0 and o, < 0). Owing to this feature (thermal
expansion anisotropy), many NZP-type materials have small average coefficients
of thermal expansion (CTE) [21]. The behavior of NZP materials during heating
depends on the nature of the constituent cations (their size, charge, and
electronegativity) and is dominated by the contribution of the weakest bonds.
Because of this, the cations located on the extraframework site M, as well as the M
site occupancy, have a stronger effect [22-24].

The key features of the effect that the composition of the NZP materials has on
their thermal expansion are well known. Their coefficient of thermal expansion
(CTE) decreases with increasing extraframework cation radius and with decreasing
extraframework site occupancy.

In the fabrication of ceramic materials, an important point is the sintering
process. Among the known methods for the preparation of ceramic samples, spark
plasma sintering (SPS) is of particular interest. The basic principle of this method
is rapid heating of powder materials in vacuum or an inert atmosphere by passing
high-power dc pulses through equipment and samples, in combination with an
applied pressure [25, 26]. Characteristically, ceramic materials produced by SPS
have a high relative density and improved physicomechanical properties, which
opens up new possibilities for the fabrication of ceramic materials for a variety of
practical applications [27, 28].

The objectives of this work were to prepare new solid solutions, expected to be
isostructural with NaZr,(PO,4); and having tailored thermal expansion; measure
their thermal expansion as a function of composition; produce ceramics based on
the solid solutions; and investigate the mechanical properties of the ceramics.

EXPERIMENTAL
As subjects of investigation, we used Cag75+0.5xZr.5F€05(PO4)3x(Si04)x (X = 0—
0.5) solid solutions, in which some of the phosphorus was replaced by silicon to
ensure controlled variations in thermal expansion. In addition, we changed the
amount of extraframework calcium cations and, accordingly, the M site occupancy.
Powders were synthesized by a sol—gel process, using ethanol as a salting-out
agent. Starting chemicals were mixed in stoichiometric ratios. To a 1 M Ca(NOs3),
solution was added a weighed amount of ZrOCl,-8H,0 and a 0.5 M Fe(NO3);
solution. Next, a 1 M NH;H,PO4 solution was added dropwise to the resultant



mixture with constant stirring. This led to the formation of a gel-like precipitate.
After that, tetraethyl orthosilicate was added to the system and then ethanol was
added to the precipitate. After brief mixing, the gel was dried at 90°C for 24 h. The
resultant powder was thermostated at temperatures of 600 and 800°C for 20 h in
each step, with intermediate grinding in an agate mortar and X-ray diffraction
characterization.

The powders were used to produce ceramics by SPS in a Dr. Sinter Model 625
system (SPS Syntex Inc., Japan). To this end, they were placed in a graphite press
die 10.8 mm in inner diameter and heated by high-power millisecond dc pulses (up
to 3 kA). The temperature was monitored with a Chino IR-AH pyrometer focused
on the surface of the graphite press die. The sintering process was run in vacuum
(6 Pa) at an applied uniaxial pressure of 66 MPa.

IR absorption spectra of samples prepared as fineparticle films on KBr
substrates were measured in the range 400-1300 cm* on a Shimadzu IR Prestige-
21 spectrophotometer.

The phase composition of the materials was determined by X-ray diffraction on
a Shimadzu LabX XRD6000 X-ray diffractometer in the angular range 26 = 10°-
50° with CuKa radiation (A = 1.54056 A).

The thermal stability of the structure of the synthesized materials was assessed
in the temperature range from 25 to 1000°C at a heating rate of 10°C/min using a
SETARAM LABSYS DSC 1600 differential scanning calorimeter.

High-temperature X-ray diffraction data were collected in the temperature range
25-800°C on a PANalytical X’Pert Pro diffractometer equipped with an Anton
Paar HTK-1200N high-temperature chamber.

The density of the ceramics was determined by hydrostatic weighing in distilled
water on a Sartorius CPA 225D balance. The accuracy in our density
measurements was +0.001 g/cm®.

The microstructure of the ceramics was examined by scanning electron
microscopy (SEM) on a JEOL JSM-6490.

The microhardness (Hy,) of the ceramics was measured with a Struers Duramin-
5 hardness tester at an indentation load of 2 N. Fracture toughness (K. was
calculated by the Palmqvist method from the length of the largest radial crack
emanating from an indent made on the ceramics with a Vickers pyramid.

RESULTS AND DISCUSSION

The synthesized samples had the form of brown polycrystalline powders.
Figure 1 shows the IR spectra of the samples. The absorption bands in the range
900-1200 cm " are attributable to v; asymmetric stretching vibrations of the P—-O
bonds in the phosphorus tetrahedra. The bands in the range 750-850 cm ™ arise
from v, symmetric stretching vibrations, and those in the range 500-700 cm*
correspond to v4 asymmetric bending vibrations.

According to X-ray diffraction data (Fig. 2), the solid solutions under
investigation crystallize in a NaZr,(PO,)z-type structure (trigonal symmetry, sp. gr.
R3¢ (analog of NaZr,(PO,); [15])), as expected.
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Fig. 1. IR spectra of the Cag75+05¢Zr1.5F€05(PO4)3 «(S10,)y solid solutions with x =
(2) 0, (2) 0.25, and (3) 0.5.
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Fig. 2. X-ray diffraction patterns of the Cag75+05xZr15F€05(PO4)3x(Si04)y solid

solutions with x = (1) 0, (2) 0.25, and (3) 0.5.

The plots in Fig. 3 illustrate the composition dependences of the unit-cell
parameters for the solid solutions under consideration. It is seen that there is a
tendency for the a cell parameter to increase and the c cell parameter to decrease
with increasing silicon content.

The differential scanning calorimetry (DSC) results in Fig. 4 demonstrate that
the Cagg752r15F€05(P04)275(S104)025 (X = 0.25) and CaZr; sFegs5(PO4)25(Si04)os (X
= 0.5) samples are stable in the temperature range from 25 to 1000°C. Any phase
transition similar to that of the Cag 75211 sFeo5(PO4)s (X = 0) phosphate [29] was not
detected.
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Fig. 3. Composition dependences of the unit-cell parameters (a) a and (b) ¢ for the
Cag 75+0.5xZr1.5F€05(PO4)3 «(S10,), solid solutions.
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Fig. 4. DSC curves of the Cag 75+0.5¢Zr1.5F€0.5(PO4)3x(S104), solid solutions with x =
(@) 0.25 and (b) 0.5.

Using high-temperature X-ray diffraction, we studied thermal expansion of the
synthesized compounds. Figure 5 shows the temperature dependences of their unit-
cell parameters. According to the present results, the behavior of the
Cag.75+05¢Zr1 sF€0.5(PO4)3«(S10,), solid solutions during heating corresponds to that
typical of NZP-type compounds: their unit cell contracts in the a and b axis
directions and expands along the c axis.
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Fig. 5. Temperature dependences of the unit-cell parameters (a) a and (b) c for the
Cag 75+0.5¢Zr1 5F€05(PO4)3 «(S10,4)y solid solutions with x = 0, 0.25, and 0.5.



The calculated axial (o, and o.), average (o,), and volumetric () thermal
expansion coefficients and thermal expansion anisotropy (Aa) of the solid
solutions in the temperature range from 25 to 800°C are presented in Table 1 and
Fig. 6. Analysis of the present results indicates that the incorporation of silicate
groups leads to a sharp decrease in the absolute value of a-axis thermal expansion
coefficient and a slight increase in the c-axis coefficient. As a result, thermal
expansion anisotropy changes only slightly, whereas the average thermal
expansion coefficient increases.

Table 1. Thermal expansion parameters of the Cag75+05¢Zr1.5F€05(PO4)3x(S1O04)x
solid solutions.

X 0, -10° °C™? 0. -10°°C™? 0p -10° °C™ p-10°°C™ Aa -10°°C™
0 -2.52 9.10 1.35 3.95 11.62
0.25 -0.69 9.67 2.76 8.20 10.36
0.5 -0.46 10.34 3.14 9.36 10.80
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Fig. 6. Composition dependences of the thermal expansion parameters o,, o, Oay,
B, and Aa for the Cag 75+05¢Zr1.5F€0.5(PO4)3x(Si04)y solid solutions with x from 0 to
0.5.

SPS was used to produce a high-density ceramic from the
Cagg75Zr15F€05(P0O4)275(S104)0.25 (X = 0.25) powder. Figure 7 shows shrinkage L
and shrinkage rate S as functions of heating temperature. It follows from the
present experimental data that the powder was sintered in the temperature range
from 850 to 1050°C, with a maximum shrinkage rate at 1000°C. The relative
density of the resultant ceramic was ~99.7% (the theoretical density of the ceramic
is 3.215 g/cm®, as evaluated from the X-ray diffraction data).

The X-ray diffraction data presented in Fig. 8 demonstrate that sintering had
little or no effect on the phase composition of the material.

Analysis of scanning electron microscopy data (Fig. 9) indicates that the
ceramic has a fine-grained, high-density structure with a grain size ranging from 1
to 3 um. There is residual microporosity, with a pore size no greater than 0.5 um.
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Fig. 7. (1) Shrinkage L and (2) shrinkage rate S as functions of heating temperature
for the Ca0_875zr1.5Feols(PO4)2.75(Si04)0.25 Sample.
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Fig. 8. X-ray diffraction patterns of the Caggs5Zr1sFeq5(PO4)275(S104)025 Sample
(1) before and (2) after sintering.

Fig. 9. SEM micrographs of the Cagg75Zr15F€05(PO4)2.75(S104)0.25 CEramic sample.

The microhardness (Hy) of the ceramic was determined to be 6.2 GPa, and its
fracture toughness (K,.) was 1.2 MPa m*?. These microhardness and fracture
toughness values are typical of ceramics with the structure type in question [2, 14,
28, 30].



CONCLUSIONS

Cag 754052 5F€05(PO4)3 x(S104)« (x = 0-0.5) solid solutions isostructural with
NaZr,(PO,4); have been synthesized and characterized. According to the present
high-temperature X-ray diffraction data obtained in the range 25-800°C, their
lattice parameters a and c are linear functions of temperature: heating reduces the a
cell parameter and increases c. The incorporation of silicate groups has been shown
to lead to a sharp decrease in the absolute value of a-axis thermal expansion
coefficient and a slight increase in the c-axis coefficient. The
Cagg75Zr1.5F€05(PO4)2.75(Si04)025 (X = 0.25) and CaZrysFeos(PO4)25(Si04)05 (X =
0.5) phosphatosilicates have intermediate thermal expansion coefficients: 2 x 10°°
<0 <8x10°%CH

The observed general trends in the effect of anion substitutions in the
framework on the thermal expansion of NaZr,(PO,)s-type compounds can be
helpful in engineering materials with tailored thermal expansion parameters.

Using one composition as an example, we have demonstrated the possibility of
producing ceramic samples with high relative density (~99.7%) and high
mechanical strength by SPS.
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