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The ceramic samples of pure alumina and alumina with additions of 10, 15, 20 wt. %
ZrO, stabilized by 5.8 % wt. % Y,0O5 were produced by slip casting method with the
subsequent sintering. The enhancement of ceramic mechanical parameters such as Vickers
hardness, bending strength, fracture toughness, thermal resistance, wear resistance due to
additions of ZrO, (5.8 % Y,0z) was observed. The effect of additions of ZrO, on the
formation of dense, tough and fine-grained structure of alumina ceramics was determined.
The best complex of mechanical parameters was obtained on the alumina samples with
15 wt. % ZrO,.

Kepamuueckue oGpasiubl alloMOOKCULHON KepaMuku Ges pobaBok u ¢ gobasxkamu 10, 15,
20 MAaCCOBBIX IIPOILEHTOB OKCHIA IIMPKOHHUA CTAGMIM3MPOBAHHOI'O OKCUAOM UTTPHUHA, [IOJyUe-
Hbl METOJOM IIIMKEPHOr0 JHUTbA C IIOCIENVIOIMM CclexkanmeMm. [loxasaHo, 4TO H00ABKU
CIIOCOOCTBOBAJIM IIOBBIMIEHUIO TBEPIOCTH KepaMHUKM 110 BuUKKepCcy, NPOYHOCTH Ha wusruod,
TPEIXHOCTONKOCTY, TePMOCTOMKOCTH, U3HOCOCTOMKOCTH. ¥ CTAHOBIEHO, 4To K06aBKu ZrO, mpu-
Bed K (POPMHUPOBAHUIO ILJIOTHOU MEJIKOAWCIIEPCHON CTPYKTYpbl. Hamaydiimuii KOMILIEKC Mexa-
HUYEeCKMX CBOMCTB JeMOHCTPUPOBATIN 06pasibl KepaMuKu, ¢ cogepxanmeM 15 mace. % ZrO,.

Bnane 106aBOK OKCHAY IMUPKOHIO cTa6imi3oBaHOTO OKCHAOM iTpilo, HA CTPYKTYypy Ta
MexaHIYHI BJacTHBOCTI amioMookcugHoOl Kepamiku. 5.Bapxonincoruil, A.l'unesiw, O.JIyniys-
ka, A.Poxosiu, C.Caenro, €.Ceimauunuil, A3urxosa.

Kepamiuni spasku ajgmoMookcuAHOI KepaMiku 0e3 gob6aBok Ta 3 gobaskamu 10, 15, 20
TMPOTIEHTIB OKCHUAY IIMPKOHIIO cTabilizoBaHOTO OKCHAOM iTpPi0, OTPMMAHO METOJOM TMLIiKep-
HOTO JUTTS 3 HACTYOHUM chHikamaaMm. [lokasamo, 1o m00aBKM TPUSBEIN A0 IIiABUIIEHHS
MeXaHIUHMX BJACTHUBOCTEH KepaMiuHUX 3pasKiB, TakuMxXx AK TBepAicTh 3a Bikkepcowm,
MinHicTs Ha 3TUH, TPIMMHOCTIfIKicTh, TepMOCTiiiKicTs, 3HOCOCTIHiKiCcTE. [oBemeno, 110 106aB-
ku ZrO, npussenu po QopmyBaHHsA minbHOI, MinHOI Ta APi6HO AMCIEPCHOI CTPYKTYpPH.
Hafininmiii xoMmaekc MexaHiYHMX BJIACTHBOCTEH IIPOAEMOHCTPYBAJIM KepaMiuui 3paskum 3
Bumimenaam 15 mac. % ZrO,.
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1. Introduction

The special character of ceramic materi-
als gives rise to many applications in mate-
rials engineering, electrical engineering,
chemical engineering and mechanical engi-
neering. Ceramic materials are used in a
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wide range of industries, including mining,
aerospace, electronics, medicine, etc. These
materials show high strength and hardness,
as well as thermal, cracking, and corrosion
resistance [1, 2].

Ceramics such as alumina, boron carbide,
silicon carbide parts are used in ceramic

403



BWarcholinski et al. / Effect of zirconia stabilized ...

ball bearings. In very high speed applica-
tions, heat from friction during rolling can
cause problems for metal bearings; problems
which are reduced by the use of ceramics.
Various types of compaction, the die casting
of thermoplastic slips, the slip casting into
plaster moulds are used [3]. An advantage
of the slip casting into plaster moulds is the
possibility of producing thin wall and com-
plex shape products for various industries.
Matrix materials based on alumina compos-
ites, reinforced by discrete high-strength
filling compounds are challenging for appli-
cation as sliding friction units of tribo tech-
nical systems. Such materials possess high
wear and corrosion resistance and antifric-
tion properties. The stability of matrix ma-
terials to abrasion and corrosion failure is
the key factor for future tribological and
mechanical applications. A generally ac-
cepted method for composite producing is
an introduction of finely disperse ZrO, into
alumina ceramics and its uniform distribu-
tion all over the volume of corundum ma-
trix [4-6]. The tetragonal-monoclinic (t—m)
transformation of ZrO, is accompanied with
considerable volume changes [7]. Owing to
the phase transformations of ZrO, during
the manufacture of ceramics shearing
strains resulting in increasing compressive
stresses and microcracking in a material
take place that hampers development of
cracks appearing as a result of mechanical
and thermal loadings [8]. On condition that
ZrO, is retained in metastable tetragonal
phase some mechanism becomes apparent
based on the transformation of metastable
modification of t-ZrO, into m—ZrO, in front
of the top of cracks extending during the
service [9]. The modification of structure
parameters and composition of novel ce-
ramic composite materials has the signifi-
cant effect on their mechanical properties
and further tribological performance.

Recently the main directions of friction
pairs tribological parameters improvement
are the advancing of existed sliding cou-
pling characteristics (metal-metal, metal-ce-
ramic, ceramic-ceramic couples) and search
for alternative materials (metal, ceramic,
coatings) [10, 11]. The aim of the present
study was the investigation of the effect of
compositional and structural properties of
alumina ceramic with 10 %, 15 % and
20 % ZrO, (5.8% Y503) on mechanical pa-
rameters of obtained ceramic composites for
the further tribological performance of ce-
ramic bearing surfaces.
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2. Materials and methods

The base material was alumina oxide
powder CT 3000 SG (Almatis, Germany)
with a prevailing grain size of 0.5 um. Ad-
ditions were zirconia stabilized by 5.8 %
Y,05; Stanford Materials Corp (United
States) with a prevailing grain size of
0.05 um. As a deflocculating agent DO-
LAPIX grade FF 7 (Germany) was used.
Slips were prepared from the powders by
adding distilled water and deflocculating
agent. The slips were prepared in volume
flasks, filtered through a sieve, and kept in
a vacuum chamber. The samples of different
compositions of alumina with additions of
ZrO, stabilized by Y,03 in the proportion
10, 15, 20 wt. % were produced from the
slips, using casting into plaster moulds. The
samples were dried for 24 h at temperatures
of T = 60-80°C, then sintered at a tempera-
ture of T = 1550°C with the rate of heating
and cooling about 200°C/h using a labora-
tory furnace equipped with molybdenum
disilicide heaters. Diffusion proceeding dur-
ing sintering process causes the pores to
close up resulting in densification of the
alumina ceramic material. The matrix
grains are grown during the sintering proc-
ess. The other phases are uniformly distrib-
uted between the grains of the main ceramic
phase. The sintering process determines the
final alumina grains sizes and further the
physical and the chemical homogeneity.

The ceramic discs with diameter 32 mm
and thickness 3 mm were prepared for tri-
bological and mechanical measurements.
The samples of composition Al,O3 and Al,O4
with 15 % ZrO, (5.3 % Y503) after sinter-
ing process are shown in Fig. 1.

The surface roughness parameters were
measured by profilometer Hommel Werke
T8000. The open porosity and the apparent
density were evaluated using standard
methods. Determinations of apparent den-
sity and open porosity of samples after fir-
ing at 1550°C were realized by means of
hydrostatic weighing as well as three point
bending strength was determined on sam-
ples in form of beams 3x4x45 mm3. Tough-
ness is a bulk material mechanical property,
which correlates with its wear resistance.
For the determination of the fracture
toughness K, testing method in three point
bending of samples in a form of beams
3.5x5x45 mm3 with edge notch 0.2 mm
wide was used. Thermal shock resistance
was determined in accordance with ENV
820-3, EN 843-1.
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The surface morphology and topography
were observed by optical microscopy and
electron scanning microscope JSM 5500 LV.
The samples were coated by thin Cr film for
the best surface scan resolution. The chemi-
cal composition of the ceramics was ana-
lyzed by energy dispersive X-ray (EDX)
spectroscopy (Oxford Link ISIS 300).

To determine the micro hardness the
Vickers hardness tester FV-700 was applied.
Wear rate and friction coefficient in was
assessed using the ball-on-disc system (T-10
Tester) in air conditions and humidity about
50 %. Alumina ceramic balls of 8 mm in
diameter were used. The load and sliding
speeds were chosen to extract as much as
possible information about the materials be-
fore its destruction. Total distance was
1500 m, load 20 N, velocity 0.2 m/s, track
radius 10 mm, rotational speed 191 rpm.
The data were collected continuously by
computer acquisition system. The measure-
ments for selected track were done.

3. Results and discussion

Characteristics of friction and wear of
ceramic materials are determined by the
combination of its bulk microstructure pa-
rameters and surface quality. The main
characteristics of ceramics are presented in
Table 1.

The cleaved surface topography and mor-
phology of Al,O3 ceramics with different
content ZrO, stabilized by Y,0O3 were inves-
tigated by electron scanning microscope.
Figure 2 demonstrates the microstructure
of the pure alumina and Al,O3 ceramic with
15 % ZrO5 (5.8 % Y503), which has a very
dense granular structure. Such structure
formation was typical for all additions of
zirconia stabilized by yttria in alumina-
based ceramic.

The composition of Al,O3 ceramics with
different content ZrO, stabilized by Y,03
were investigated by energy dispersive X-ray
(EDX) spectroscopy method. The EDX spec-

Fig. 1. The samples of composition Al,O5 and
Al,O5 with 156 % ZrO, (5.8 % Y,05) after sin-
tering process.

tra were observed and confirmed the pres-
ence of content of 15 % ZrO, (5.8 % Y503)
(Fig. 8). Such spectrum was typical for
other contents of zirconia stabilized by yt-
tria in alumina-based ceramiec.

The average a—Al,O3 grain size is about
2—5 um for pure alumina and fine grains in
the range 1-3 um are presented in the case
of alumina ceramiecs with 15 % ZrO, (5.3 %
Y503). The 0—Al,O5 grains are well crystal-
lized and have a distinct faceting. Crystal-
line inclusions of ZrO, (5.8 % Y,03) are
uniformly distributed over the volume of
the ceramics (Fig. 2). The dense and well-
grained structure is responsible for the best
mechanical properties of materials [12].
Fine grained structure results in increased
toughness and better wear resistance of ce-
ramics. Grain size also determines the sur-
face finish quality. Fine grained structure
allows to decrease the size of the surface
micro asperities after the surface finish op-
eration resulting in lower coefficient of
friction.

An effect of crack size on the fracture
strength o, of a ceramic material is ex-
pressed by the Griffith equation:

o,=Ki./ (Y- a)l/?),

where: K;. — stress-intensity factor; a —
the crack size; Y — geometry factor. Ac-

Table 1. Characteristics of Al,Og ceramics with different content ZrO, stabilized by Y,O4

Material composition

(average meanings)

Roughness parameter of the
samples after sintering process

Relative
density, %

Apparent

Open
density, g/cm3

porosity, %

Ra [um] Rz [um]

Al,O, 1.067 5.051 0.5-1.5 3.90-3.95 97

AlLO, + 10 % ZrO, 0.679 3.860 0.2-1.0 4.08-4.12 97
AlLO, + 15 % ZrO, 0.423 2.542 0 4.20-4.25 98
AlLO, + 20 % ZrO, 0.509 3.517 0 4.30-4.32 98
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6 um Electron image 1 2

a)

6 um Electron image 2
b)

Fig. 2. The SEM micrographs of alumina ceramics: (a) pure Al,O5 and (b) Al,O5 with 15 % ZrO, (5.8 % Y,0,).
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Fig. 8. The EDS spectra of alumina ceramics: (a) pure Al,O5 and (b) Al,O5 with 15 % ZrO, (5.8 % Y,0j).

cording to the equation, cracks of lower size
result in increased material toughness and
higher wear resistance. The size of crack is
generally proportional to the grain size. Ho-
mogeneous distribution of zirconia toughen-
ing particles incorporated between the ma-
trix particles results in lowering the crack
size and consequently in increase of the
fracture strength, according to the Griffith
equation. Higher fracture strength causes
higher wear resistance [13-16]. The homo-
geneity of the microstructure allows to cre-
ate fine and homogeneous surface finish
with low content of surface cracks [17].
There is the correlation between the me-
chanical properties and ceramic structure.
The additives of zirconia phase in the ma-
trix of alumina improve the mechanical
properties of ceramic materials [18-20].
The ceramic with the most perfect fine
grained structure and a greater density
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demonstrates the best tribological charac-
teristics. The mechanical parameters of
Al,O5 ceramics with different content ZrO,
stabilized by Y,O3 are presented in the
Table 2. The main mechanical parameters
such as hardness, bending strength, thermal
shock resistance and fracture toughness
were increased in comparison with pure alu-
mina ceramics. The enhancement of ceramic
mechanical parameters for samples with ad-
ditions of 10 and 15 wt.% ZrO, (5.3 %
Y503) was observed. The further increasing
of zirconia content up to 20 wt.% ZrO, was
resulted in some decreasing of mechanical
properties to values some higher than for
pure alumina ceramics.

Friction coefficient determined from tri-
botests was in the range from 0.8 for Al,O3
matrix with 20 % and 15 % ZrO, (5.3 %
Y503) to 0.5 for pure alumina. Rough ce-
ramic surface with relatively large micro
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Table 2. Mechanical characteristics of Al,O; ceramics with different content ZrO, stabilized by

Y,05
Material Mechanical parameters (average results 10 tests)
composition Hardness HV [GPa]| Bending strength, Thermal shock Fracture
MPa resistance, AT, °C toughness, K,
[MPa-ml/2]
Al,Oq4 15.3 300 300 4.5
Al,Oz + 10 % ZrO, 16.5 430 400 6.5
Al,O5 + 15 % ZrO, 16.8 490 400 6.9
Al,Ogz + 20 % ZrO, 15.7 480 400 6.0

asperities causes direct contact between the
rubbing surfaces and results in increasing
of friction and wear. High quality surface
possess low coefficient of friction. Rela-
tively large values of friction coefficients
were correlated with high initial roughness
of samples after sintering process and pres-
ence of surface non- uniformity even after
polishing process. The surface finish quality
allows to improve the tribological charac-
teristics of alumina. In conditions of the
experiment, the correlation was found be-
tween the zirconia content in the alumina
ceramics and further ceramic behaviour in
friction. The wear of brittle ceramics re-
sults in roughening the surface. The effect
of roughening during friction is lower in
toughened ceramics. The abrasive wear was
in the range from 0.2:107% mm3/Nm for
Al,O3 ceramics with 10 % and 15 % ZrO,
(5.8 % Y503) to 0.5:1074 mm3/Nm in the
case of pure alumina. The further increas-
ing of zirconia content up to 20 wt.% ZrO,
had not significant effect on the tribological
parameters of ceramic samples. The contact
loading in the joints conditions is approxi-
mately 10 MPa and average value of volume
wear up to 1073 mm3/Nm [21]. Therefore,
the best mechanical and tribological charac-
teristics for biomedical applications demon-
strate Al,O3 ceramics with 10 % and 15 %
ZrO, (5.3 % Y,0g3) additions which possess
higher values of hardness, fracture tough-
ness and lower parameters of friction coef-
ficient, abrasive wear in comparison with
pure alumina ceramic.

4. Conclusions

The results demonstrate the advancing of
mechanical characteristics of ceramic mate-
rials by formation the optimal compound
composition of ceramic matrix material
with fixed nano structural additions for
principal improvement of tribological per-
formance of sliding couples for further
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micro-bearing applications. Tribotests of ce-
ramics of various compositions were carried
out under dry friction conditions. It has
been shown that all samples have a high
wear resistance, while the Al,Oz ceramic
with addition of 10 % and 15 % ZrO,
(5.8 % Y503) possess the lowest wear rate
and the highest hardness parameters. The
bending strength and fracture toughness
were increased in the case of Al,Oj ceramics
with different content ZrO, stabilized by
Y505. This is due to the fine grained struc-
ture of the Al,O5 ceramic with 10 % and
15 % ZrO, (5.8 % Y503) and their higher
density compared to the others ceramic com-
positions. Also, the friction coefficient had
minimal value in the case of Al,O5 ceramic
with 15 % ZrO, (5.8 % Y,O3) additions
when compared with other compositions and
pure alumina matrix. The formation of in-
novative bearing surfaces by advancing of
ceramic mechanical properties allows to pro-
pose novel multifunctional materials for
biomedical and micro bearing applications.
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