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Abstract—Based on tricalcium phosphate, new high-strength composite materials were synthesized, in which
the strengthening phase was ZrO,. To reduce the sintering temperature and obtain a fine crystalline structure,
a special additive based on sodium silicate was developed, which favored the formation of low-temperature
melts. It was studied how the ratio between the initial components and the sintering conditions affect the
phase composition, microstructure, and mechanical properties of the obtained composite materials. By
improving technology and optimizing composition, strong ZrO,-rich composites were produced in the
tetragonal modification with a low sintering temperature of 1250—1350°C and a flexural strength to 260 MPa.
The composites had microstructure with tricalcium phosphate and ZrO, crystal sizes to 500 nm and to 5 um,
respectively. Such materials can be used in medicine for manufacturing bone implants capable of withstand-

ing physiological loads.
DOI: 10.1134/S0012500818110046

Partially stabilized zirconia (PSZ) has high
mechanical strength, wear and corrosion resistance,
and biocompatibility [1]. PSZ materials are used in
medicine as dental materials and materials for hip
implants and coatings for endoprostheses [2]. One of
the ways to improve the biocompatibility of PSZ
materials is to introduce calcium phosphates, which
are biocompatible and osteoconductive [3]. Owing to
its high mechanical properties, PSZ is used to rein-
force bone cements based on calcium phosphates with
e.g., PSZ nanoparticles and nanotubes, which
increases the compressive strength of cements by up to
50% [4]. Sintered composite ceramic materials in the
hydroxyapatite—PSZ system are known [5]. Produc-
tion of such materials is complicated by the low ther-
mal stability of hydroxyapatite, which additionally
decreases in the presence of ZrO,. It was found [6]
that, after adding 3% ZrO,, the thermal decomposi-
tion of hydroxyapatite to form tricalcium phosphate
(TCP) begins at as low as 1100°C. The interaction
between hydroxyapatite and PSZ gives calcium zir-
conate and calcium oxide, which limits the sintering
temperatures of ceramic materials and prevents the
production of high-strength dense sintered samples
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[6]. Further advances in creating composite materials
in the PSZ-—calcium phosphates system can be
reached by passing to thermally more stable high-tem-
perature phases, such as TCP. TCP matrices are used
to replace and repair bone defects [7]. The creation of
a composite material in the PSZ—TCP system is
promising owing to the preservation of the phase com-
position of the initial components, the achievement of
high strength characteristics, and the improvement of
biological properties.

In this context, the purpose of this work was the
synthesis and sintering of new composite materials
based on PSZ and TCP over a wide concentration
range and the investigation of the formation of their
phase composition and microstructure.

EXPERIMENTAL

Partially stabilized zirconia powders were pro-
duced by precipitation from aqueous solutions of
chemically pure salts ZrOCl, - 8H,0 and YCl; - 6H,0O
to which Y,0; was added to a concentration of 3.5 mol %.
The precipitant was 9% aqueous ammonia. After the
precipitation, the obtained precipitate was filtered off
on a Buchner funnel, dried in a laboratory dryer at
100°C, and then calcined in a muffle furnace at
450°C.

A TCP powder was obtained by precipitation from
aqueous solutions by the reaction
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Fig. 1. X-ray powder diffraction patterns of the sintered samples of the ceramics without a Na,SiO3-based additive; 7 indicates
the tetragonal modification of ZrO, and B, B-tricalcium phosphate.

3Ca(NO;), + 2(NH,),HPO, + 2NH,0H
— Cay(PO,), + 6NH,NO; + 2H,0.

The pH of the synthesis (6.8—7.4) was maintained
by adding aqueous ammonia and acetic acid. The pro-
duced precipitate was filtered off on a Buchner funnel
and dried at 220°C.

The synthesized TCP and ZrO, powders were
mixed at ZrO, contents from 0 to 100 wt % at an inter-
val of 20 wt % in a planetary mill with Teflon jars and
zirconia balls in a dimethyl ketone medium, after
which the mixture was filtered off and redried at
200°C. The produced composites were compacted by
uniaxial pressing into rectangular samples 30 X 3 X
3 mm in size in steel dies at a specific pressure of
100 MPa. Annealing was carried out in furnaces with
silicon carbide heaters at temperatures from 1250 to
1350°C.

To reduce the sintering temperature and obtain a
fine crystalline structure, a sintering additive based on
sodium silicate was introduced to the powders to a
concentration of 5 wt %.

The materials were studied by X-ray powder dif-
fraction analysis with a Shimadzu XRD-6000 diffrac-
tometer (Shimadzu, Japan) in CukK, radiation. The
phase composition was identified according to the
JCPDS database using an automated system for
recording and processing experimental data. The spe-
cific surface areas of the obtained ZrO, and TCP pow-
ders were determined by the BET method with a
Micromeritics TriStar 3020 analyzer. The microstruc-

ture of the ceramic materials was studied on a Tescan
Vega Il scanning electron microscope in secondary
electrons at a voltage of 15 kV. The three-point-bend-
ing strength was measured on an Instron 5581 univer-
sal testing machine using no less than five samples per
measurement.

According to the X-ray powder diffraction data, the
phase composition of the ZrO, powders after heat
treatment at 450°C corresponded to a zirconia-based
solid solution with a pseudocubic structure. The TCP
powder after the synthesis and heat treatment at 220°C
consisted of amorphous calcium phosphate with a low
degree of crystallinity. The specific surface areas of the
Zr0O, and TCP powders were 85 £ 3 and 80 + 3 m?/g,
respectively.

The sintering within the temperature range from
1250 to 1350°C showed an increase in the linear
shrinkage with increasing sintering temperature for all
the compositions. After the sintering, the composite
ceramic materials containing no Na,SiO;-based sin-
tering additive consisted of ZrO, in the tetragonal
modification and TCP with the whitlockite (B-trical-
cium phosphate) structure. Figure 1 presents the X-ray
powder diffraction patterns of the materials after sin-
tering at 1250°C. It is seen from Fig. 1 that the ratio
between the intensities of the main peaks of phases
changed in accordance with the change in their calcu-
lated concentrations in the composite.

The materials containing the sintering additive
were characterized by the formation of the monoclinic
phase, the content of which increased with increasing
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Fig. 2. X-ray powder diffraction patterns of the sintered samples of the ceramics with a Na,SiOs-based additive; ¢ indicates the
tetragonal modification of ZrO,, m, the monoclinic modification of ZrO,, and [, B-tricalcium phosphate.

Zr0, content (Fig. 2). The monoclinic modification
forms because Y,0O; interacts with Na,SiO; and is
released from the ZrO, lattice, reducing the degree of
stabilization of PSZ. Note that, in the composite con-
taining 80 wt % ZrO,, the content of the monoclinic
phase did not exceed 15 wt %, whereas in pure ZrO,,
its content was about 50 wt %. The presence of TCP is
likely to favor the preservation of the tetragonal modi-
fication of ZrO,, which may be due to the partial dis-
solution of TCP with the incorporation of CaO into
the ZrO, lattice [8]. A further increase in the sintering
temperature to 1350°C promoted an increase in the
degree of crystallinity of the main phases, and the con-
tent of the monoclinic modification of ZrO, increased
insignificantly: within 3 wt %.

Further, we studied the microstructure of the com-
posite materials sintered at 1350°C and detected that it
changed significantly as ZrO, and the sintering addi-
tive were added. The materials containing no ZrO,
had a dense sintered structure with a TCP grain size of
about 10 um. The introduction of the sintering addi-
tive had no material influence on the microstructure
of the ceramics. The addition of ZrO, to a concentra-
tion of 20 wt % to the materials that contained no sin-
tering additive but contained Na,SiO; gave rise to a
microstructure with a porosity of 30%. ZrO, grains
less than 0.2 um in size were uniformly distributed
over the TCP matrix. The addition of the sintering
additive led to an increase in the TCP grain size
(Figs. 3a, 3b). With increasing ZrO, content to 80 wt %,
the structure of the materials without the sintering
2018
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additive remained loose and nonuniform, consisting
of ZrO, grains less than 0.5 um in size and 5-um TCP
grains. The porosity remained about 15—20% for all
the compositions (Fig. 3c). For the materials with the
sintering additive, the porosity decreased with a fur-
ther increase in the ZrO, content: it was 5—10% at a
710, content of 40 wt ZrO, and virtually vanished (less
than 2%) at ZrO, contents of 60 and 80 wt % (Fig. 3d).
Such ceramic materials consisted of 0.5-um ZrO, par-
ticles and 5—10-um TCP particles. The particle size
was independent of the concentrations of compo-
nents. The materials containing 100% ZrO, had an
inhomogeneous microstructure formed by sintered
agglomerates with a porosity to 10% and a ZrO, grain
size of 0.5 um, regardless of the presence of the sinter-
ing additive.

The mechanical testing of the ceramic materials
was carried out on samples sintered at 1350°C with a
porosity less than 5%. According to the mechanical
testing data, the materials containing no ZrO, (pure
TCP) had a flexural strength of 55 = 5 MPa in the
absence of the sintering additive and 63 = 5 MPa in the
presence of the sintering additive based on Na,SiOs;
i.e., the strength was virtually independent of the
introduction of the additive. The strongest samples
were the composite ceramic materials obtained using
the sintering additive with a dense uniform structure;
namely, the materials containing 60 and 80 wt % ZrO,
had strengths of 150 = 5 and 260 £ 10 MPa, respec-
tively. Such a strength was reached owing to the high-
est content of ZrO, in the tetragonal modification and
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Fig. 3. Micrographs of the (a, b) 80 wt % TCP—20 wt % ZrO, and (c, d) 20 wt % TCP—80 wt % ZrO, ceramics (a, ¢) without and

(b, d) with a sintering additive.

also to the formation of a dense sintered microstruc-
ture.

Thus, we synthesized and studied composite mate-
rials in the ZrO,—TCP system that contained 0 to
100% ZrO,. Owing to using a sintering additive based
on Na,SiO;, we obtained dense composite ceramic
materials containing to 80 wt % ZrO, with a porosity
less than 2% and a flexural strength to 260 MPa. These
materials were thermally stable and retained the initial
phase composition, which was due to the action of the
additive favoring the reduction of the sintering tem-
perature. The materials had a uniform poreless micro-
structure with ZrO, and TCP grain sizes to 0.5 and to
5 um, respectively. The materials we developed can be
used in medicine for producing bone implants capable
of withstanding high mechanical loads.
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