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Abstract—Structure, phase composition, and mechanical properties (microhardness within indenter pene-
tration depths of 1200 nm < 4 < 6000 nm and fracture toughness) are studied on nanostructured zirconia
ceramics (CaO stabilized) hardened with corundum and SiO, during accelerated aging under hydrothermal

conditions (7, = 134°C, P=3 atm, H=100%, 0 <t,,< 25 h). The use of CaO as a stabilizer of the zirconia
tetragonal phase (instead of “conventional” Y,03) promotes increasing resistance to hydrothermal effects of
composite ZrO, + Al,O53 and ZrO, + Al,O5 + SiO, ceramics. The reached fracture toughness (more than in
40%) via introduction of silica (Cs;o, = 5 mol %) increase provides a satisfactory hardness/fracture toughness
(H = 12.3 GPa, K= 6.66 MPa m'/?) ratio of the Ca—ZrO, + Al,O5 + SiO, composite ceramics even after its

accelerated 25-h aging.

DOI: 10.1134/S1995078019020058

INTRODUCTION

Due to the unique complex of mechanical proper-
ties; high thermal, chemical, and radiation resistivity;
and bioinertness, zirconia ceramics have the widest
area of practical applications, from mechanical engi-
neering to medicine. This became possible after dis-
covering the transformational mechanism of its hard-
ening [1], caused by the transition of tetragonal phase
t-Zr0, (metastable at room temperature) in thermo-
dynamically stable monoclinic phase m-ZrO, [1, 2].
This phase transition is accompanied by the change in
specific volume (up to 5%) of the mentioned phases
and appearance compressive stresses, which prevent
the propagation of cracks. Such oxides as Y,0; or
CeO,, rarely MgO, CaO, etc., are usually used as sta-
bilizers of the tetragonal phase at a temperature below
the  — m transition (7' < 1170°C) [3].

Zirconia ceramics have the highest fracture tough-
ness among oxide ceramics (K. can reach 17 MPa

m'/?) and relatively low hardness H (to 12—14 GPa)
[4]. An increase in one of these characteristics is, as a
rule, accompanied by a decreasing in another charac-
teristic. In this regard, to increase the hardness/frac-
ture toughness ratio, ZrO, is combined with harder
materials. The ZrO, + Al,O; composites are the most
spread; they combine strengths of zirconia ceramics
with the advantages of corundum (high hardness H
and Young’s modulus E) [5—7]. The introduction of
nanodispersed corundum particles in zirconia ceram-
ics provides the appearance of the dispersion harden-
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ing mechanism in addition to the transformational.
The dispersion hardening mechanism is based on the
dissipation of energy of a propagating crack as a result
of its deviation from the initial direction during a “col-
lision” with harder inclusions (particles) of foreign
material (in this case, Al,O; particles) [8—10].

The mechanical characteristics can also be
improved by the introduction of the third component
(dopant) in the composite ceramics. The dopant addi-
tive can promote reducing of the average size and
spread of grain size values of ceramic components,
prevent the formation of microcracks connected with
the difference of linear expansion temperature coeffi-
cients on main components of the composite, etc.
Thus, in [11] the introduction of SiO, in CaO-stabi-
lized zirconium ceramics promotes increasing fracture
toughness and hardness of ceramics.

The degradation of ceramics and operating proper-
ties under the conditions of increased humidity is the
main disadvantage of the zirconia ceramics and com-
posites on which they are based. The degradation of
the properties of yttria-stabilized zirconia at 200—
300°C was found [12]. Further numerous studies
showed that, under prolonged exposure to moisture
(even at room temperature), spontaneous ¢ — m tran-
sition occurs in surface layers. To date, the mechanism
of low-temperature degradation of zirconia ceramics
is outlined as follows. The filling of oxygen vacancies
existing in the ZrO, tetragonal phase with hydroxyl
ions occurs in a humid atmosphere. This causes the
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changing of the local atomic configuration around
Z1*" and decreasing the difference between free chem-
ical energy of tetragonal and monoclinic phases. As a
result, internal tensile stresses appear and their value
reaches 300—500 MPa [13], which leads to the desta-
bilization of the tetragonal phase and its transition to
the monoclinic. The most intense # — m transition
occurs on the grain boundaries where the tensile
stresses are maximal. This results in the nucleation
and growth of m-ZrO, inclusions inside the existing
grains of the tetragonal phase. The growth of a part of
the monoclinic phase causes a volume expansion,
which leads to the cracking of the ceramics along grain
boundaries [14]. The formed cracks contribute to the
further penetration of moisture and the spread of the
transformed zone deep into the material.

The use of other (combining different-valence) sta-
bilizers (CeO,, CaO) is one possible way of increasing
the stability of the phase composition of ceramics
under hydrothermal conditions [15, 16]. Another way
to prevent low-temperature degradation is reducing
tensile stresses on the grain boundaries due to the
addition of a small amount of impurities (dopants),
which is precipitated at the joints of grains (ternary
and higher order) [16]. In this regard, the work is
aimed at the investigation of the structure, phase com-
position, and mechanical properties (microhardness
and fracture toughness) on nanostructured composite
ceramics CaO—ZrO, + Al,O; and CaO-ZrO, +
Al,O + SiO, exposed to hydrothermal influences.

EXPERIMENTAL

To prepare the CaO—ZrO, + Al,O; and CaO—
710, + Al,O; + SiO, (CZA and CZAS) composite
ceramics, the powders of ZrO, (Sigma-Aldrich,
USA), ALO; (Hongwu international group LTD,
Hong Kong), CaO (Reachem, Russia), and SiO,
(Sigma-Aldrich, USA) were used. The molar concen-
tration of stabilizer (CaO) relative to ZrO, was kept
constant C¢,o = 6.5 mol %. The part of corundum rel-
ative to CaO—Zr0O, was 5.8 mol %. To produce the
CZAS samples, a SiO, additive (5 mol %) was intro-
duced to the mixture. According to [10, 17], the ratios
of the component concentration provide a high ratio
of hardness and fracture toughness of the studied
composite ceramics.

The powder mixtures were dispersed in distilled
water (in a mass ratio of 1:3) using ultrasound. Then,
the mixture was milled in a Pulverisetter 7 Premium
Line (Fritsch, Germany) planetary mill for 5 h with
balls 1.5 mm in diameter with accelerating movement
at 65g. After the milling, the mixture was dried in a fur-
nace at 7, = 80°C for 24 h. The formation of samples
was performed via uniaxial dry pressing at a load of
500 MPa for 20 min.
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The samples were sintered in a two-stage mode at
air atmosphere. On the first stage, the samples were
heated to 77 = 1300°C with a constant rate (5°C/min)
and held for 5 min. Then, samples were cooled to 7, =
1200°C and sintered for 4 h. According to [18], this
ratio of the temperatures of two-stage sintering mode
is optimal for CaO—ZrO, + Al,O; ceramics with low
corundum content in terms of its mechanical proper-
ties. To study the mechanical characteristics, the pre-
pared samples were mechanically ground and pol-
ished.

Hydrothermal (accelerated) aging was carried out
in an autoclave with pressure and temperature control.
The temperature was maintained within 7,, = 132—
134°C. The pressure of saturated steam at these tem-
peratures is ~3 atm. According to [19], exposure in
these conditions for 1 h corresponds to three to four
years of aging in natural conditions. The maximal
exposure time of the samples under mentioned condi-
tions reached 25 h, which corresponds to 75—100 years
of natural aging.

The P—h diagrams (P is indenter load and # is
indenter penetration depth) in the mode of five-cycle
loading (Berkovich pyramid) were registered using a
Nanolndenter G200 nanoindentometer (MTS
Nanolnstruments, USA). To estimate the fracture
toughness via indentation method, a Duramin-A300
automated microhardness tester (Emcolest, Austria)
with the Vickers pyramid was used. In this case, the
hardness was tested under loads of 50 N, which corre-
sponds to the depth of indenter penetration of 4 ~
12 wm. When the indenter loads are smaller, the size of
radial cracks formed in the corners of the indentation
does not allow the estimation of K. value. An Axio
Observer Alm inverted metallographic microscope
with a Struktura 5.0 image analyzer was used for the
visualization of indenter imprint and measurements of
radial cracks formed in the area of indenter imprint.
The value of fracture toughness K. was determined
according to [20] using the following equation:

1
EQLP
K- = 0.016(5) 5 (D)
12
where P is a maximal load on the indenter (50 N), and
[ is a length of radial cracks near the imprint. The
phase composition was determined via X-ray diffrac-
tion (XRD) analysis using a D2 Phaser diffractometer
(Bruker AXS, Germany); phase content was estimated
via Rietveld method. The structure of composite
ceramics was visualized using a Merlin scanning elec-
tron microscope with high resolution (Carl Zeiss,
Germany).

RESULTS AND DISCUSSION

The content of the monoclinic phase (C,, z,0,) in
zirconia ceramics having high mechanical properties
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Fig. 1. (Color online) XRD patterns recorded on initial (/ and 3) and aged at lag

(1 and 2) and CaO—ZrO, + Al,03 + SiO, (3 and 4).

usually does not exceed a few percents. According to
X-ray diffraction analysis data, the content of the
m-phase of zirconia in CZA and CZAS samples did
not exceed 2 and 3%. The exposure of the CZA sam-
ples for 25 h under hydrothermal conditions does not
cause noticeable (taking into account the measure-
ment error) changes to C, ,0,. Silicon-containing
CZAS samples demonstrate lower resistance to aging.
As an example, the XRD patterns of the initial and
aged CZA and CZAS samples are given in Fig. 1. The
spectrum of the aged CZAS sample contains peaks
corresponding to the monoclinic phase of zirconia.

The results of the analysis of the XRD patterns
recorded at different aging stages are given in Fig. 2 as
the dependence of the concentration of the mono-
clinic zirconia phase on the duration of aging
C,.-710,(fz)- The hydrothermal treatment of CZAS
samples, the growth of m-phase content to the values
of C,.7:0, = 8% 1is observed during first 5 h (Fig. 2,
curve 2). Note, that the content of tetragonal phase
C,.z:0, synchronously decreases. At further treatment

of CZAS samples, the C,, 7,0, (%,,) dependences flat-
ten, and, at the maximal duration of accelerated aging
(,; = 25 h), part of the m-phase does not exceed the

value of C,, 7,0, = 12%. Part of the cubic phase of zir-
conia in CZA and CZAS samples fluctuates between 2
to 8% during hydrothermal treatment.

The dependences of the content of the zirconia
monoclinic phase on the duration of the accelerated
aging (under the same conditions) for the samples of
Y,0;-stabilized zirconia (YSZ) (Fig. 2, curve 3) and
composite ceramics based on YSZ and corundum in
the ratio of 50 : 50% (Fig. 2, curve 3) are given for
comparison; the curves of the abovementioned
ceramic sample were adapted from [19] and [21]. Even
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=25h (2and 4) samples of CaO—ZrO, + Al,03

the CZAS samples degrading during the accelerated
aging demonstrate significantly higher resistance to
the hydrothermal effect compared with the YSZ and
YSZ-corundum composite.

Taking into consideration the abovementioned
mechanism of the low-temperature degradation, the
moisture impact could reduce the mechanical proper-
ties. We must take into account that the thickness of
the degraded layer is proportional to the aging dura-
tion [22]. Hence, in the early stages of aging (at a small
thickness of the degraded layer), the changes in hard-
ness can depend on the thickness of the tested layer

Cm—ZrO2s%
————— el
40+ .
/}/ :
30 o’
I i _ 3
A -2
20+, s

Fig. 2. (Color online) Dependences of a part of zirconia
monoclinic phase on the time of accelerated aging for the
Ca0—-Zr0O, + Al,05 (1), CaO—Z10, + Al,05 + SiO, (2),
Y,03—Zr0, (3), and Y,03—Z72r0O, + Al,O3 (4) samples.

Curves 3 and 4 are adapted from [19, 21].
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Fig. 3. (Color online) Dependences of hardness of the indenter penetration depth (a, b) and time of accelerated aging (c, d) for
the CaO—ZrO, + Al,O5 (a, ¢) and CaO—ZrO, + Al,05 + SiO, (b, d) samples. (a, b) /—initial samples; 2—samples aged at log=
1 h; 3—samples aged at lig= 25 h. (c, d) Curves at indenter penetration depth of (/) #; ~ 1200 nm and (2) 45 ~ 6000 nm.

(the depth of indenter penetration). In this regard, the
method of five-cycle loading, which allows determi-
nation of H value on the different depth of the indenter
penetration (from /4, ~ 1200 to ~ 6000 nm), was used
during study of the effect of accelerated aging on the
hardness of CZA and CZAS ceramics. The hardness
value of the CZA and CZAS initial samples decreases
as the depth of indenter penetration increases (Fig. 3a
and 3b, curves /). This behavior of the H(4) depen-
dence is characteristic for most of the materials and
caused by the size effects in micro- and nanocon-
tacts [23].

The H(h) dependences for the CZA and CZAS
samples aged for 1 and 25 h (curves 2 and 3) are given
in Fig. 3. One hour aging in hydrothermal conditions
(t,;, = 1 h) causes a highly noticeable (taking into
account measurement error) change of hardness mea-
sured at indenter penetration depth (4;) at ~1200 nm.
Increasing of indenter penetration depth leads to a
gradual decrease in the difference of H values of initial
and aged (7,, = 1 h) samples (Fig. 3a, curves / and 2).

NANOTECHNOLOGIES IN RUSSIA  Vol. 14

When 45 ~ 6000 nm, the difference in H values of ini-
tial and aged samples totally disappears, i.e., the thick-
ness of the degraded (7,, = 1 h) layer is much less than
the thickness of the tested layer.

An increase in the aging duration is accompanied
by the growth of the thickness of the degraded layer.
The H changes of both types of samples (CZA and
CZAS) caused via aging (#,, = 25 h) are observed in the
whole studied range of indenter penetration depth
(Figs. 3a and 3b, curves / and 3). This indicates that
during 25 h of aging, the thickness of the degraded
layer becomes commensurate with the maximal (in
this experiment conditions) depth of indenter penetra-
tion (A5 ~ 6000 nm). Figures 3¢ and 3d demonstrate
the brought into correspondence dependences of
hardness H measured at #; ~ 1200 nm (curves /) and
hs~ 6000 nm (curves 2) on aging time #,, for CZA and
CZAS samples. The H(z,,) dependences have satura-
tion independently on the depth of indenter penetra-
tion. The softening value does not exceed the AH, =
8% and AH, = 6.5% for samples CZA and CZAS,; this

Nos. 3—4 2019
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Fig. 4. (Color online) Dependences of fracture toughness
K¢ on the duration of accelerated aging of (/) CaO—ZrO, +
Al,O3 and (2) CaO—-ZrO, + Al,O3 + SiO, samples in
hydrothermal conditions log- The insert presents charac-
teristic SEM image of the indenter imprint in the initial
(before aging) sample CaO—ZrO, + AlL,O.

indicates the high resistance of mechanical properties
(nano- and microhardness) of the developed compo-
sition ceramics to aging in hydrothermal conditions.
The “rate” of the weakening observed at the aging
(angle of H(z,,) dependence on the initial aging stages)
depends on the depth of the indenter penetration. This
imposes requirements for the obligatory indication of
H testing conditions (the type of indenter and the
maximum depth of its penetration) at studying the
effect of hydrothermal effects on the mechanical

(a)
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properties of zirconium ceramics and composites on
which it is based.

The hardness/fracture toughness ratio is of great
importance for fragile materials. In this regard, the
effect of accelerated aging on the K, value of CZA and
CZAS samples was studied additionally. A character-
istic SEM image of the indenter imprint with radial
cracks formed in the initial (not hydrothermally
exposed) CZA sample is given in Fig. 4 (insert).

During the first 5 h of the accelerated aging, the K.
value decreases for both types of samples. However,
when 7,, > 5 h, the K(#,,) dependences become flat
(Fig. 4). A steeper K(?,,) dependency slope is charac-
teristic for the CZAS samples within 0 <7,, <5 hand,
consequently, there is a more significant (~38%)
decrease in fracture toughness. The martensitic t — m
transformation of zirconia observed at the same time
range of the accelerated aging (Fig. 2) is the most
probable cause of enhancement of the degradation of
fracture toughness of the CZAS samples.

The degradation of phase composition of the near-
surface layers of the studied samples, which is caused
by hydrothermal effects, affects the process of local
deformation under concentrated loads (in particular,
on the structure of the formed indenter imprint).
Fig. 5 demonstrates characteristic SEM images of sur-
face areas (edge of the indenter imprint and a part of
radial cracks) of CZA and CZAS samples. The
imprints of indenter (Vickers pyramid) were formed
on the initial samples (Figs. 5a and 5b) and after their
accelerated aging for 7,, = 25 h (Figs. 5¢ and 5d).

At indentation of the samples without hydrother-

mal treatment, pronounced single radial cracks form.
The hydrothermal treatment of the samples (z,, =

25 h) causes the appearance of “chipping” of the

Fig. 5. Characteristic SEM images of the surface areas of the (a, b) initial and (c, d) after accelerated aging at 25 h of (a, ¢c) CaO—
ZrO, + Al,O3 and (b, d) CaO—ZrO, + Al,O5 + SiO, samples. White lines indicate the boundaries of the indenter imprints.

NANOTECHNOLOGIES IN RUSSIA  Vol. 14  Nos. 3—4
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material in the edges of the imprint. A dense structure
of sintered zirconia and corundum crystallites main-
tains in the imprint internal surface of the initial sam-
ples. Hydrothermal treatment leads to the appearance
of “cracking” along the grain boundaries inside the
indenter imprint. The destructive effect of moisture is
observed to a greater extent in the CZAS samples,
which demonstrate a higher decreasing of fracture
toughness at accelerated aging.

Thus, the combining zirconia with corundum
provides the simultaneous appearance of two hard-
ening mechanisms: transformational and disper-
sion. A decrease of a relative part of the tetragonal
t-Z1r0, phase during low-temperature degradation,
which is usually observed in YSZ ceramics, causes the
reducing of a part of the transformational hardening
mechanism. However, the dispersion hardening
mechanism retains its role and prevents the degra-
dation of the mechanical properties of composite
ceramics.

We note that the high resistivity of the phase com-
position of CZA samples (Fig. 2) in hydrothermal
conditions is reached due to the use of CaO as the sta-
bilizer of #-ZrO, tetragonal phase; the optimal con-
centration Cg,q is 6.5 mol % [16, 24]. The observed
decrease in the part of the #-ZrO, tetragonal phase
during the accelerated aging of CZAS samples (Fig. 2,
curve 2) is likely caused by reducing a relative part of
the stabilized because of the formation of calcium sil-
icate. Under the hydrothermal conditions, the process
of the formation of CaSiO; and Ca,SiO, is more
intense, which is accompanied by the imbalance in the
ratio of ZrO, and CaO concentrations and, as a result,
should lead to the reducing of mechanical properties.

On the other hand, as noted in [25], the introduc-
tion of silica in zirconium ceramics promotes the pro-
cess of its sintering, which positively affects its
mechanical properties. Moreover, according to the
comparative analysis of XRD patterns (Fig. 1), the
introduction of SiO, in CZA ceramics does not cause
the appearance of new lines in spectra recorded for the
initial and aged samples. This indicates the absence of
crystalline silica and calcium silicate in CZAS sam-
ples. The introduced silica and formed calcium silicate
likely exist in the amorphous state and are distributed
by a thin layer along the grain boundaries of ZrO, and
AlL,O;. A similar conclusion was made by the authors
of [11] during studies on the effect of SiO, content on
phase compositions and mechanical properties of
CaO—-Zr0O, ceramics. The formation of amorphous
Si0,, CaSiO; and Ca,SiO, on grain boundaries of
Zr0O, and Al,O; and their junctions (ternary or higher
order) leads to the decreasing of mechanical stresses
[26]. This also positively affects the value of the frac-
ture toughness.
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CONCLUSIONS

The introduction of SiO, in zirconium ceramics
hardened by corundum allows increasing fracture
toughness more than in 40% while the hardness
decreases lower than in 20%. The use of CaO as the
stabilizer of the zirconia tetragonal phase in oxide
ceramics ZrO, Al,O; and ZrO, + Al,O; + SiO, allows
significant increase in the resistance of phase compo-
sition of mechanical properties (hardness and fracture
toughness) to low-temperature degradation.

Thus, the proposed technology of preparation of
composite ceramics based on zirconia allows increas-
ing its life use in hydrothermal conditions.
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