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Paper presents selected properties of a kind of alumina toughened zirconia (ATZ) composites manufactured by the method which
utilize reactive sintering process. Products made by means of this process show many perspective properties which could improve their
usefulness as machinery parts materials. These properties comes from much finer microstructure than this obtained in typical AZT or TZP
(tetragonal zirconia) materials.

Special advantages mentioned materials showed in tribological applications connected with sliding cooperation without any lubri-
cation at temperatures exceeded 300 °C like rolling elements of machinery or parts subjected to intensive abrasion. Anothei;/)otential field
of application is area when working elements are subjected to stable load under critical value. Actually, in ever known oxide materials at
Sucé conditions slow crack propagation phenomenon occurs. In a new type of ATZ materials this phenomenon could be distinctly limited or
even stopped. In the paper we present a results of investigations which confirm high level quse/z];

[ properties detected in a new type of ATZ
composites.
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Cmamws npedcmasisem uzopanivle c6OUCMEa KOMNO3UMOE U3 OKCUOA YUPKOHUSL, YAPOUHEHH020 oKkcudom amomunus (ATZ), uzeo-
MOBNEHHBIX MEMOIOM, 8 KOMOPOM UCNOb3YEMCs NPOYECC PeakmueHo2o cnekanus. M30enus, uzeomosnennvle ¢ HOMOWbIO 9Mo20 npoyeccd,
0071a0aiom MHO2UMU NEPCNEKMUGHBIMU CEOUCEAMU, KOMOPbIe MO2YM NOGLICUNIb UX NOLE3HOCIb 8 KaYecmee Mamepuaiog o demainel
Mawun. dmu  ceoucmea 00YciosieHvl 20paz0o 6ojee MOHKOU MUKPOCHMPYKMYpol, yem y munuunvlx mamepuanros AZT um TZP
(mempacoHanbHblLll OUOKCUO YUPKOHUS).

Ocobvle npeumywjecmea ykazannvle Mamepuaivbl NPOACUIU 8 MpuboI0ULeCKUX NPUMEHEHUSX, CEA3AHHBIX C 83AUMOOCUCMBUEM
cKowocenus be3 cmasku npu memnepamypax eviute 300 °C, Hanpumep, 6 Kayecmee mej KaueHus MAwiuH i oemanell, no08epearnuuxcs
UHMEHCUBHOMY Ucmupanuio. Jlpyeotl nOmeHyuansHou 061acmblo NPUMEHenUs. AGIsemcs 001acms, 20e padouue dNeMeHnbl N008epeaiomcs
YCMOUNUGOL HASPY3KE HUJICe KPUMUYECKO20 3HaueHus. [eticmeumenbio, 8 u36eCmubIX OKCUOHBIX MAMEPUANAXx npu Maxux YClousx umeem
Mecmo sgnenue MeOIeHH020 PACRPOCmpanenus mpewunsl. B nosom mune mamepuanoge ATZ smo senenue modicem Ovims YemKo oepanue-
HO unu Oadce ocmanogieno. B cmamve npedcmasnenvi pesyibmamol UCCIEO08AHUL, NOOMEEPIHCOAIOWUE BLICOKULL YPOBEHb NOJE3HbIX
ceolicme, 00HapyxcenHblx 6 komnosumax ATZ Hosoeo muna.

KiroueBsble ciioBa: LII/IpKOHPlﬁ, yﬂpO‘IHeHHLIﬁ OKCHUJIOM aJIFOMHHHUS, MEUICHHOC pacIpOCTPaHECHHUE TPEIIUH, HU3HOC CKOJIBXKEHUS

ALYUMINIY OKSIDI BILAN MUSTAXKAMLASHTIRILGAN YANGI
TURDAGI SIRKONIY OKSIDLI KERAMIKA - MASHINASOZLIK SANOATI
UCHUN ZAMONAVIY KONSTRUKSION MATERIAL
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Magolada reaktiv pishirish jarayonidan foydalanib olingan alyuminiy oksidi bilan mustaxkamlangan, sirkon oksididan olingan
kompozitlarning tanlangan xossalari taqdim etilgan. Bu jarayon yordamida olingan buyumlar, ko ‘pgina o ziga xos xossalari bilan mashina detal-
5aringil tayyorlashda qo %anishi mumkin. Bu xossalar boshqa materiallarga AZT yoki TZP larga o ta mayda mikrostrukturaga egaligi bilan asos-
anadi.

Bu materiallar 300°Cdan yuqori haroratda moylanmagan holatda o’zaro sirpanish ta’sirida bo’lgan tribologik sharoitlarda, masalan,
intensiv ishqalanish bilan boradigan tebranish mashinalari yoki detallari sifatida ishlatilganda namoyon bo ’ildi. Boshqga potensial ishlatish sohasi
kritik giymgtdan past yuklanishda ishlaydigan ishchi elementlar hisoblanadi. Hagigatan ma’'lum bo 'lgan oksidli materiallarla bundayvsharoitlarda
yoriglarning sekin tarqalishi kuzatiladi. Yangi tipdagi ATZ materiallarda esa bu jarayon chegaralangan, xattoki to xtatilgan boladi. Maqolada
ATZ kompozitlarida kuzatiladigan foydali xossalarni yuqoriligini aks ettiruvchi natijalar keltiriéan.

Kalit so'zlar: sirkoniy, alyuminiy oksidi bilan mustaxkamlangan, yoriqlarning sekin tarqalishi, sirpanish edirilishi
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Introduction

Permanent development of structural ceram-
ics products is a necessary condition for further im-
provement of almost all branches of manufacturing
industry [1-4]. Properties of ceramics parts could be
spectacular but each type of ceramic product demand
a specific technology and has an optimal field of ap-
plication. Alumina-toughened zirconia (ATZ) mate-
rials are relatively well recognized and commercial-
ized due to their low manufacturing costs and good
properties, which, in some applications, are much
better than the properties of monophase tetragonal
zirconia or alumina products. A very good example
are knee or hip-joint ceramics endoprosthesis [5-7],
but the mentioned ATZ materials have a significant-
ly wider field of application in the machinery indus-
try. Mentioned composites are very often used as an
efficient material for parts of machinery subjected to
sliding, rolling, or any other movement usually cor-
related with mechanical loading and the potential
abrasive acting of the environmental elements. The
applications of ATZ materials are not only limited to
room temperature, as they can withstand elevated
temperatures (a few hundred Celsius degree). In
many previous studies the different aspects of ATZ
composite processing, microstructures, and correla-
tions with their final properties were elaborated [8-
20]. Usually, attention has been focused on the zirco-
nia/alumina ratio, phase composition, and sintering
conditions (or methods). The important issue is also
residual stress state caused by coefficients of thermal
expansion mismatch of both alumina and zirconia
phases. In alumina/zirconia materials, the zirconia
phase is always under tension and alumina under
compression [21]. Values of these stresses depends
on individual phase content and grains size and
shape [22]. They also could be introduced to the
composite system by additional processes, €.g., ion
exchange [23]. However, composite powder pro-
cessing and, consequently, sintering procedure could
also significantly influence the final phase composi-
tion, microstructure and residual stress state [24-28].
The aim of the presented paper was to modify a zir-
conia matrix in the ATZ composite as a specific ma-
terial with a fine microstructure and high tendency to
the tetragonal to monoclinic phase transformation,
which could assure a high level of mechanical and
tribological properties.

Research methods
An alumina-toughened zirconia (ATZ) ma-

terial, fabricated using a procedure consisting
of the common sintering of two different zirconia
powders [29, 30]. The general idea was to prepare
composite mixing two zirconia powders: pure na-
nometric ZrO, one and a solid solution of 4 mol.%
Y,0; in ZrO, powder. The raw materials used for
the preparation of the powders were zirconyl chlo-
ride, yttrium chloride, and ammonia (all delivered
by Polskie Odczynniki Chemiczne S.A., Poland),
which were also used for the precipitation process.
Both zirconia powders (the pure one and the 4 mol.
% of yttria solid solution) were obtained separately
and homogenized by milling in a rotary-vibratory
mill for 2 h in a propyl alcohol environment. The
weight ratios of both powders were established on a
level which assured 3 mol.% nominal content of
yttrium oxide in the fabricated material. The final
composition of the material was supplemented with
the addition of 2.3 vol.% (1.5 wt.%) of nanometric
alumina powder (TM-DAR, Taimicron, Taimei
Chemicals Co. Ltd., Japan). The mixing process
was performed in a rotary-vibratory mill for 30 min
in a propyl alcohol environment. The final material
was a composite with a zirconia matrix, with a
small addition of nanometric alumina grains. The
material was prepared as described and is herein
designated as BC. The BC material was designed
as composite with a small amount of isolated alu-
mina particles dispersed in the zirconia matrix. The
second investigated material, designated as
BC10A, was a mixture of BC and 10 vol. % of alu-
mina (TM-DAR, Taimicron). The level of alumina
additives was planned to be about an alumina parti-
cles percolation threshold to assure different type
of microstructure. The third prepared material, des-
ignated as BC20A, was a mixture of BC and 20
vol. % of alumina (TM-DAR, Taimicron). In this
material alumina content was significantly above
the percolation point. The BC20A material was
designed as a duplex microstructure material con-
taining two continuous phases.

One shape of samples were plates of 60 x
60 x 6 mm and the second one were discs of 16
mm in diameter and ~1.5 mm in hight. Samples
were first uniaxially pressed (50 MPa) and then
isostatically re-pressed at 200 MPa. Then, the sam-
ples were sintered at 1450 °C for 2 h.

After sintering densities of samples were
determined by Archimedian method at 21 °C and
related to their theoretical values (assuming that
dALO; = 3.99 g/cm’ and dZrO, = 6.10 g/cm’). Us-
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ing the rule of mixtures assuming predicted zirco-
nia and alumina content in the composite BC,
BCI10A and BC20A theoretical densities were cal-
culated as dBC = 6.01 g/cm’, dBC20A = 5.81 g/
cm’ and dBC20A = 5.61 g/em’.

Sintered samples was tested using the ball-
on-disc method in a temperature range between 20
and 400 °C. The friction coefficient (CoF) and
wear rate values were obtained based on the prop-
er standard [31] using a Tribotester T-21, manu-
factured in the Institute for Sustainable Technolo-
gies (Radom, Poland). Wear rates for flat samples
and counterparts (balls) were designated as WV
and WVB, respectively. Normal load F was estab-
lished on 10 N, the sliding speed was 120 rpm,
and number of cycles was 30,000. The applied
temperatures ranged from 20 (RT) to 500 °C. The
radius of the wear trace was 5 mm. Zirconia balls
(5 mm in diameter) were used as the counterparts.
In this role, we used a commercially available
grinding media manufactured by Tosoh Comp.
usually used in attritor-type mills.

After the sliding wear tests, the worn sur-
faces were examined with an interferometric pro-
filometer ProFilm3D (Milpitas, USA) to estimate
the wear rates for the samples and counterparts
(WV, WVB) according to the procedure described
by the authors of [32].

Images of the materials’ microstructures
were obtained with a scanning microscope Apreo
2 (Thermo Fischer Scientific) on polished sam-
ples.

Slow crack propagation rate was deter-
mined with procedure described in details in [33,
34] utilizing Constant Stress Rate Test applied
under biaxial bending mode. Such procedure
could detect occurrence and intensity of phenom-
enon of strength decrease under long-lasting load
which is typical for oxide materials.

Results and discassen

Densities of sintered samples measured by
Archimedian method showed a similar densifica-
tion level for both tested materials. Measures den-
sity of BC samples was 5.97 +0.01 g/cm® what
mean 99.3 £0.02% of theoretical density. Densi-
ties of BC10A samples were 5.78 £0.03 g/cm’ and
99.5 £0.05, respectively. Densities of BC20A
samples were 5.58 £0.05 g/cm’ and 99.4 +0.09,
respectively. These data confirm very good level
of densification what is very profitable for tribo-

logical properties and generally for mechanical
ones.

Scanning electron microscopic (SEM) im-
ages in Figure 1 illustrate a typical microstructures
of BC (top) BC10A (middle) and BC20A (bottom)
materials. Lighter grains compose zirconia matrix
one and darker once are alumina as minority
phase. Micrographs confirm very fine and uniform
microstructures with inclusions grains smaller
than 500 nm.

0000« 10.00 us

M 1000kV T1 829 pm  2.8298 mm

Figure 1. Microstructures of polished surfaces of investigated
composites (top — BC; middle — BC10A; bottom — BC20A).
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Figure 2 shows the aggregated wear test
results for the investigated samples. It can be ob-
served that temperature at which sliding wear is
minimal is different for BC material when com-
pared with BC10A and BC20A ones. For BC ma-
terial it is 300 °C and for BC10A and BC20A it is
400 °C. This means that the most favorable condi-
tions for cooperation with a zirconia counter-
sample are slightly different for a material with a
minimum content of inclusions (lower tempera-
ture) and different for a material enriched with
alumina inclusions (higher temperature). Figure 3
shows the collected results of coefficients of fric-
tion (CoF) measurements. It is easy to state from
this plot that CoF’s for all types of materials de-
crease with temperature of test increase. Actually,
for all investigated materials these relation and
CoF values are similar.

Investigations of subcritical cracking sus-
ceptibility performed using Constant Stress Rate
Test applied to biaxial bending procedure, proved
that these materials are fully resistant for slow
crack propagation phenomenon, Figure 4 presents
comparison of constant stress rate for typical 3Y-
TZP material and BC20A composite. Very high
value of n parameter (>300) present in the Figure
confirms that in BC20A material phenomenon of
subcritical crack propagation was definitely
stopped. Usually it is believed that values higher
than 100 are typical for material non fragile for
slow crack propagation.

Conclusion

Generally, results of conducted experi-
ments confirm that the ATZ composite materials
manufactured by the proposed technique had a
strong potential to be used for reliable machinery
parts working in the sliding regime at elevated
temperatures or working under subcritical stresses
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Figure 2. Sliding wear rates W\, at different temperatures for all
investigated materials.
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Figure 3. Coefficients of friction (CoF) vs. temperatures of
tribological pairs defined by investigated ATZ materials
and zirconia ball.

during long term loading.

Tribological pairs composed of ATZ
composites and tetragonal zirconia counterpart
behave in similar way independently of ATZ
composite phase arrangement. Typical particulate

1400 1400
& 12004 n = 28.31 12004 n =382.70 5
& 800 ! § 800 $ '
= $ . .
5 600 : H 600 - ¢
b4
] 3Y-TZP BC20A
= 400 T T T dou T T T T

0.1 10 100 0.1 1 10 100

stress rate [MPa/s]

stress rate [MPa/s)

Figure 4. Results of constant stress rate in biaxial bending test confirming the occurrence of the subcritical crack propagation phenomenon
in commercial 3Y-TZP ceramics (left according to [35]) and lack of this phenomenon in BC20A composite (right).
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composite with isolated alumina particles or typi-
cal duplex microstructure composed of two inter-
penetrating continuous phases show wear rate
and coefficient of friction significantly decrease
with temperature increase. Observed differences
concern a temperature value at which minimal
wear rate is detected. In a typical particulate com-
posite (BC) temperature of forming of stable lay-
er which supporting sliding co-operation is lower
than in material with higher alumina content
(BC10A, BC20A).

Proper microstructure of composite and
introduction of higher amounts of alumina fine
grained phase could affect subcritical crack
propagation even stop this phenomenon what is
very rare in the case of fully oxide ceramics.
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