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Change in the Microhardness of Composite Ceramics
at the CaO–ZrO2/CaO–ZrO2 + Al2O3 Interface
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Two-layer samples of zirconium ceramics stabilized in the tetragonal phase with calcium oxide (CCaO =
6.5 mol %) are obtained by the uniaxial dry pressing of preliminarily prepared mixtures of powders (contain-
ing and not containing alumina). The microstructure and mechanical properties (microhardness) near the
CaO–ZrO2/CaO–ZrO2 + Al2O3 interface is investigated. An abrupt increase in the microhardness (from
13.7 ± 0.2 GPa to 14.4 ± 0.2 GPa) and Young’s modulus (from 195 ± 6 GPa to 210 ± 7 GPa) is revealed when
passing from CaO–ZrO2 to CaO–ZrO2 + Al2O3. A high probability of the formation (during sintering) of
cracks along the interface of zirconium ceramics, containing and not containing alumina, is demonstrated.
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INTRODUCTION

Discovered almost 50 years ago [1], the possibility
of the room-temperature stabilization of the tetrago-
nal phase of zirconium dioxide t-ZrO2 (by introducing
additives of oxides Y2O3, CeO2, CaO and others),
capable of mechanically induced transformation into
the monoclinic phase m-ZrO2 (transformation t → m
provides the transformation-hardening mechanism),
significantly increased the strength properties of zir-
conium ceramics. To date, it has been successfully
used for the manufacture of cutting tools, carving
guides, cams, seals, valves and pump rings [2]. Due to
its biocompatibility, zirconium dioxide has become
very popular in biomedical applications [3–5]. In
addition, zirconium ceramics are used in the manu-
facture of solid-oxide fuel cells [6], thermal barriers
[7], optical coatings [8], catalysts [9], oxygen sensors
[10], and many other devices.

The task of further improving the strength proper-
ties of zirconium ceramics is successfully solved by the
development of composites based on it. The most
popular is zirconium ceramics reinforced with alumi-
num oxide (ATZ ceramics) [11, 12]. It combines the
strengths of zirconium ceramics with those of Al2O3-
based ceramics due to manifestation of the dispersion-
hardening mechanism [13, 14].

The widest range of problems requiring differences
in the bulk and surface properties of structural materi-
als has predetermined the emergence of a new genera-
tion of composite materials, i.e., functionally gradient

materials [15]. They are multilayer composites in
which the composition and properties change contin-
uously or stepwise from one part of the product to
another [16]. It is assumed that the simultaneous use
of different (including mutually exclusive) properties
of components of functionally gradient materials. In
this regard, the aim of the work is to study the struc-
ture and micromechanical properties of two-layer zir-
conium ceramics in the area of the interface between
parts containing and not containing aluminum oxide.

EXPERIMENTAL
For the manufacture of CaO–ZrO2/CaO–ZrO2 +

Al2O3 ceramic samples ZrO2 (Sigma-Aldrich), α-
Al2O3 (Hongwu) and CaO (Reachem) powders are
used. The molar concentration of the stabilizer (CaO) in
relation to ZrO2 (regardless of the presence or absence of
Al2O3) remained unchanged: CCaO = 6.5 mol %. In
accordance with the previously obtained results [17],
the use of calcium oxide (instead of “traditional”
yttrium oxide) as a stabilizer of the tetragonal phase of
zirconium dioxide makes it possible to significantly
increase the resistance of zirconium ceramics to low-
temperature degradation. To obtain a composition
containing aluminum oxide, to a added 5.8 mol %
Al2O3 is added to a CaO–ZrO2 mixture, which,
according to [18], provides a high ratio of hardness and
fracture toughness of ATZ ceramics.

The resulting mixtures of powders (containing and
not containing aluminum oxide) were dispersed by
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Fig. 1. Typical SEM images of the surface areas of the
CaO–ZrO2/CaO–ZrO2 + Al2O3 ceramic sample cut far
from crack (a) and with a crack along the boundary of the
part containing Al2O3 (b).
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ultrasound in distilled water (the mass ratio was main-
tained at 1 : 3). Then, for 5 h, the mixtures were milled
in a Pulverisette (Fritsch) planetary mill by ceramic
balls made of zirconium dioxide stabilized with
yttrium oxide. The ratio of the balls to the ground
powder was maintained at 1 : 1. Fine mechanical
grinding was carried out with the addition of water
(75%) as a grinding medium. This was followed by
drying of the mixtures in an oven at a temperature of
T0 = 80°C and normal pressure for 24 hours. The mix-
tures prepared in this way (containing and not con-
taining Al2O3) were sequentially and in equal amounts
poured into a mold. The two-layer samples were
molded by uniaxial dry pressing at a load of 500 MPa
for 20 min. The samples were sintered in an electric
furnace in a two-stage mode (described in detail in
[19]) at temperatures of T1 = 1300°C and T2 = 1200°C.
According to [20, 21], a two-stage sintering mode for
ceramics based on ZrO2 and Al2O3 ensures the reten-
tion of a small grain size (in comparison with single-
stage sintering) and a high density of ceramics. The
samples obtained had an average crystallite size of
ZrO2 and Al2O3 of no more than 100 and 250 nm,
respectively. The porosity (measured by the Archime-
des method) did not exceed 3%. The samples obtained
(in the form of two-layer tablets) were sawn in half,
after which the end surface was mechanically ground
and polished to measure the microhardness.
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The structure of the prepared samples of CaO–
ZrO2/CaO–ZrO2+ Al2O3 ceramics was imaged using
a Merlin high-resolution scanning electron micro-
scope (SEM) (Carl Zeiss). The microhardness H and
Young’s modulus E at different distances from the
CaO–ZrO2/CaO–ZrO2 + Al2O3 interface were deter-
mined using a NanoIndenter G200 device (MTS
NanoInstruments). As an indenter, we took the
Berkovich pyramid, the penetration depth of which
did not exceed 6 microns.

RESULTS AND DISCUSSION
Figure 1a shows a typical SEM image of a section

of the sample cut surface of CaO–ZrO2/CaO–ZrO2 +
Al2O3 ceramics. According to a large number of pub-
lished data and elemental mapping of the surface areas
of samples with a similar composition, performed in
[22], dark spots in the presented SEM image are iden-
tified as Al2O3. It can be seen that alumina crystallites
are uniformly distributed in one part of the sample
(top left) and are absent in the other part (bottom
right). This gives grounds to assert that in the prepared
samples there is a sharp boundary between the parts
containing and not containing Al2O3 crystallites.
More detailed analysis of the SEM images did not
reveal any other signs of differences between these
parts (the average size of ZrO2 crystallites, the pres-
ence of pores and other signs).

It is important to note that almost every sample
contains cracks that extend strictly along the CaO–
ZrO/CaO–ZrO2 + Al2O3 ceramic interface (Fig. 1b).
Cracking occurs during the sintering process. The
most probable cause of the observed cracking is a dif-
ference in the temperature coefficients of linear
expansion of zirconium and corundum ceramics [23]
and, as a consequence, the parts of the studied sam-
ples containing and not containing Al2O3.

I was carried out in areas of the polished surface at
least 500 μm away from the cracks. The side of the
imprint of the indenter (Berkovich pyramid) did not
exceed 45 μm. We note that the grooves observed in
the SEM images are traces of mechanical polishing,
have a small (compared to the indentation of the
indenter) size and do not have a noticeable effect on
the determined value of the microhardness. Strict
control of the spatial arrangement of the indentations
of the indenter made it possible to plot the depen-
dences of the microhardness H and Young’s modulus
E of the material from distance d to the CaO–
ZrO2/CaO–ZrO2 + Al2O3 ceramic interface (Fig. 2).

From the presented dependences it can be seen that
in the immediate vicinity of the interface there is an
abrupt change in the values H and E. At distances d
exceeding 100 μm from the interface (twice the side of
the indentation of the indenter), the dependence H(d)
and E(d) become saturated. The microhardness and
Young’s modulus take on values characteristic of the
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Fig. 2. Dependences of the microhardness H (a) and
Young’s modulus E (b) on the distance d to the interface
between parts of the sample of zirconium ceramics, con-
taining and not containing Al2O3.
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CONCLUSIONS

The possibility of manufacturing (by the method of
uniaxial dry pressing followed by two-stage sintering)
zirconium ceramics with a sharp interface between the
compositions CaO–ZrO2/CaO–ZrO2 + Al2O3 is
shown. In the immediate vicinity of the interface
(~100 microns) there is an abrupt change in the
microhardness and Young’s modulus from the values
typical for CaO–ZrO2 (H = 13.7 ± 0.2 GPa, E = 195 ±
6 GPa) to values typical for ceramics CaO–ZrO2 +
Al2O3 (H = 14.4 ± 0.2 GPa, E = 210 ± 7 GPa). The
result obtained can be used in the development of arti-
cles made of composite ceramics based on zirconium
dioxide, the bulk and surface mechanical properties of
which must meet various requirements.

A disadvantage of the proposed method is the high
probability of cracking (caused by a difference in the
temperature coefficients of the linear expansion of
ZrO2 and Al2O3) at the interface between ceramics
containing and not containing aluminum oxide. The
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development of ways to implement the ideology of
functionally gradient materials, i.e., the formation of a
smooth transition from CaO–ZrO2 to CaO–ZrO2 +
Al2O3, will ensure preservation of the integrity of com-
posite ceramics during sintering and will be the subject
of future research.
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