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Abstract

The study of the relationship between the composition and mechanical properties of
structural ceramics based on zirconium, magnesium and aluminum oxides is an impor-
tant scientific and technological task. In this study, ceramics of the composition x:ZrO,-
(90—x)-MgO-10-Al, O3 (x = 10-80 wt.%) were obtained using standard ceramic technology.
XRD, SEM, Vickers hardness and biaxial flexural strength measurements were performed
to determine the effect of concentration x on the phase composition, microstructure and
mechanical characteristics of the sintered samples. The results show that with an increase
in the starting concentration x in experimental samples, the fraction of the stabilized ZrO,
phase grows, and the grain size decreases. These two factors determine the values of
microhardness and biaxial bending strength. Experimental investigation on the ternary
oxide ceramics shows that for ceramics sintered at 1500 °C, the microhardness values varied
within the range of 815-1300 HV1 and the biaxial bending strength of 110-250 MPa.

Keywords: alumina; zirconia; composite ceramics; microhardness; flexural strength

1. Introduction

In modern industry, technology, and medicine, engineering structural ceramics occupy
an important place, and their advantages are their high thermal resistance, mechanical
strength, and chemical inertness [1-3]. Among others, ceramics based on Al,O3, ZrO,
and their composites stand out [4,5]. Due to their unique mechanical, thermal, optical and
electrical properties, these types of ceramics are used as refractory materials [6], structural
materials for work in aggressive environments [7], and have uses in the energy sector and
as biomedical materials [8].

Alumina-based ceramics have been among the most readily available and widely used
ceramic materials for many years due to their high hardness, high modulus of elasticity,
chemical resistance and abrasion resistance [9]. The weak points of Al,O3 ceramics include
low bending strength and resistance to cracking, which limits their use under conditions of
higher mechanical loads [10,11]. Zirconium ceramics, in turn, are known for their unique
mechanical properties, such as high hardness, heat resistance, and resistance to cracking
due to the mechanism of transformation hardening caused by the phase transition from
the tetragonal to the monoclinic phase (t — m transition) [12-14]. However, pure ZrO; is
subject to phase transformations with volumetric change, which can cause microcracks and
destruction of the material upon cooling [15].
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To stabilize high-temperature phases at room temperature, additives of Y,0O3 [16],
CaO [17], and MgO [18] oxides and rare earth elements [19,20] are used. Yttrium-stabilized
zirconium (YSZ), the most studied material of this class, has high mechanical strength, but
its application is limited by its high cost [21]. Magnesium oxide stands out as an economical
and technologically convenient option, providing an extension of the stability range of
t-ZrO, and a reduction in the effects of hydrothermal aging characteristic of Y-TZP [22].

Composites based on the ZrO,-MgO-Al,O3 system are of wide interest due to the fact
that the magnesium oxide in it simultaneously promotes the stabilization of t-ZrO; at room
temperature and improves the sinterability of Al,Os, and also reacts with Al,O3 to form a
MgAl,O4 spinel, which ensures the formation of a microstructure with a controlled grain
size, which further improves crack resistance [23,24]. It is noted that magnesium oxide can
stabilize t-ZrO, not only directly through the introduction of Mg?* ions into the crystal
lattice, but also due to the formation of an amorphous MgO-Al,O3 matrix, which limits the
growth of ZrO, grains and ensures stability up to 1200 °C [25].

An additional factor that has a significant impact on the properties of ceramics is the
particle size of the magnesium oxide used as a dopant [26]. In [27], it was shown that
the use of MgO nanoparticles (about 80 nm in size) promotes the accelerated sintering of
ceramics and the formation of a denser and more uniform microstructure, which has a
positive effect on the maximum microhardness of the samples. At the same time, excessive
particle size reduction is accompanied by a decrease in crack resistance associated with the
agglomeration of nanoparticles and their uneven distribution in the volume of the material.
It is noted that the optimal particle size of the MgO dopant is critical to achieve balanced
mechanical properties of the composite.

Despite significant progress in the study of ZrO,-MgO-Al,O3 ceramics, some aspects
remain insufficiently studied. In particular, optimization of the component ratio and tem-
perature treatment conditions are important to achieve a balance between the mechanical
characteristics of the obtained composite ceramics. For example, researchers K.L. Meena
et al. [28] note that sintering temperatures above 1300 °C can lead to a decrease in the
strength of ZrO,-MgO-Al,O3 ceramics as a result of overheating and grain growth, which
also emphasizes the importance of temperature control during annealing. In addition, the
study of possible phase transformations, spinel formation and degradation of t-ZrO, at
high temperatures is a promising direction for further research to develop a material with
improved characteristics [29].

This work is devoted to the synthesis of composite ceramics x-ZrO,-(90—x)-MgO-
10-Al, O3 in order to study their microstructure, phase composition and mechanical proper-
ties. Despite the wide application of ZrO,-MgO-Al,O3 ternary oxide ceramics, there is a
lack of comprehensive property—composition-structure studies in the scientific literature for
this system. It is known that the ternary system ZrO,-MgO-Al,O3 has metastable phases
that can significantly change properties such as hardness and strength. As mentioned
above, the formation of the MgAl,Oy spinel can positively influence the formation of the
microstructure of ZrO, ceramics. By introducing a fixed concentration of Al,Oj3, this work
investigates the effect of corundum additive on the known binary system ZrO,-MgO. The
main focus of the research is on the study of the formation of metastable phases, such
as ¢-ZrO; and t-ZrO,, and their influence on the mechanical characteristics of x-ZrO,-
(90—x)-MgO-10-Al,O3 ceramics. Also, zirconium oxide and magnesium oxide are more
refractory materials than corundum. For this reason, the work examines the variation in
concentrations between ZrO, and MgO with a low content of aluminum oxide. The results
of this study are extremely important for the creation of new types of refractories with
variable thermodynamic and mechanical characteristics.
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2. Materials and Methods

For the synthesis of ceramics from a mixture of oxides x:ZrO;-(90—x)-MgO-10-Al,O3,
where x = 10, 20, 30, 40, 50, 60, 70, 80% (mass concentration of initial component ZrO,), a
standard ceramic technology was chosen. ZrO,, MgO, and Al,O; (Sigma Aldrich, 99.99%
purity) were mixed in a Pulverisette 6 planetary mill (Fritsch, Idar-Oberstein, Germany)
with tungsten carbide (WC) grinding sets for 30 min at a speed of 250 rpm. To obtain
homogeneous compositions, ethanol was added to the mass of dry powders before milling.
After mixing, the mixture was dried in a drying cabinet at a temperature of 45 °C for
several hours to remove all ethyl alcohol from the composition after milling. To initiate the
formation of new phases, the resulting dried powders were pre-annealed at a temperature
of 1300 °C for 5 h in a Nabertherm LHT 08/18 muffle furnace (Nabertherm, Lilienthal,
Germany) in an air atmosphere in corundum crucibles(“Alita” LLP, Ust-Kamenogorsk,
Kazakhstan). After the first annealing, powder X-ray diffractometry (XRD) was performed
on a Rigaku SmartLab diffractometer (Rigaku, Tokyo, Japan) to determine the phase
compositions using the PDF-2 2024 database. The sintered powders were ground in an
ethyl alcohol medium in a Pulverisette 7 premium line planetary micromill (Fritsch, Idar-
Oberstein, Germany) at 400 rpm for 30 min using a tungsten carbide grinding jar and
grinding balls (Fritsch, Idar-Oberstein, Germany) (grinding ball diameter J 1.6 mm). At
the outlet, the obtained suspension was analyzed for particle size distribution using a laser
particle meter Analysette 22 MicroTec (Fritsch, Idar-Oberstein, Germany) plus with a liquid
dispersion unit. Polyvinyl alcohol (PVA) (Sigma Aldrich, 95%, Darmstadt, Germany) was
chosen as a plasticizer for the production of green powders. The powders were poured
into a hot aqueous solution of PVA at ~90 °C and stirred using a magnetic anchor IKA
C-MAG HS7 (IKA-Werke GmbH & Co. KG, Staufen, Germany). Then the pre-dried pressed
powders were ground in an agate mortar until a homogeneous powder without obvious
large agglomerates was obtained. The collected green powders were completely dried in a
drying cabinet at a temperature of 90 °C for 10 h. The concentration of PVA in the finished green
powder was 2% of the mass of the synthesized powders. To obtain experimental green tablets,
the required amount of powder was poured into a hardened stainless steel mold, previously
lubricated with oil. The mold for pressing was placed in an automatic hydraulic press (Paratus,
Yekaterinburg, Russia) and a pressure of 5 tons was applied from above to the punch for
5 s, and the same time for 10 tons. Tablets with a diameter of @ 20 mm and a thickness of
1.5 mm were obtained after pressing. The geometrical parameters of disks after sintering are
listed in Supplementary Table S1. Geometrical density was calculated by using measured
geometrical parameters of disks and measured mass of the ceramic disks. Archimedes
density was calculated after crushing a ceramic disk into pieces with a length of 2-3 mm by
using a picnometer and deionized water.

The PVA binder was removed from the ceramic composition by preliminary annealing
in a muffle furnace with heating at a rate of 1.6 °C/min and holding at 500 °C for 2 h.
The final annealing of the tablets was performed in a Nabertherm LHT 08/18 resistance
furnace (Nabertherm, Lilienthal, Germany) in an air atmosphere in corundum crucibles
at a temperature of 1500 °C for 5 h. A repeated X-ray phase analysis of the samples after
sintering was carried out on the sintered final tablets, which was necessary to determine
the formed phases. The microstructure of the sample surface and the elemental composi-
tion were studied using a Thermo Fisher Phenom X electron microscope (Thermo Fisher
Scientific, Eindhoven, The Netherlands) by acquiring backscattered electron images (accel-
erating voltage 10 and 15 kV, working distance 8.720 mm). The Vickers method was used
to determine the microhardness using a Dupoline-M1 microhardness tester (Duroline-M
METKON instruments, Bursa, Turkey) with a load of 1000 gf and dwell time of 10 s in
5 random areas. During the measurements, it was observed that the diamond pyramidal
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indenter created indentations covering different grains, so the values of microhardness
can be considered as effective values of the composite (see illustrations in Supplementary
Figure 519). Prior to microhardness tests, the surfaces of the samples underwent a grinding
process on a Tegramin (Struers, Ballerup, Denmark) unit with diamond disks of different
roughness and diamond paste. The mechanical strength of the tablets was determined by
calculating the biaxial flexural strength [30] (ISO 6872, piston-on-three-ball), which was
determined by the formula

_3(1+v)P a (1-v) b\ a?
Uex = =g 1Pt oy T 22 ) re @

where oy, is the biaxial bending strength,

P—the load in N;

v—Poisson’s ratio (0.305);

t—the tablet thickness;

a—the radius of the circle on which the spherical supports are located;

b—the radius of the pin pressing on the tablet;
R—the radius of the ceramic tablet.

The test fixture for flexural strength used in the study had the following values of
geometrical parameters: a = 6.5 mm, b = 1.13 mm. The disk compression tests were carried
out on a universal electromechanical single-column WalterBai LFM-L 10 kN machine
(WalterBai, Lohningen, Switzerland) with a crosshead speed of 0.05 mm/s by compression
of 3 disks of the same composition. The sample was mounted on spherical supports, and a
movable metal pin was moved from above until the tablet was destroyed.

3. Results and Discussion

Figure 1a shows the particle size distributions after pre-annealing and milling. The
distribution histograms are asymmetrical, and the particle sizes range from 0.1 to 5 um.
The wider distribution for samples with a concentration of x = 10, 20 wt.% is explained
by the large size of agglomerates for the MgO particles, which were used as the starting
material (Figures Slc,d and S2b). This may also be due to the solid state reaction occurring
with particle coarsening. In addition, at low zirconium oxide concentrations, there is good
contact between MgO particles, which apparently leads to better sinterability. With an
increase in the ZrO, concentration, the sinterability of MgO and Al,Oj3 particles deterio-
rates, since neither MgO nor Al,O3 form new compounds with ZrO, under pre-annealing
conditions [31]. Also, the size of the initial ZrO, powder was less than 1 pm, which deter-
mined the small size and narrow distribution of the pre-annealed particles. The dependence
of the average particle size on the starting concentration x is shown in Figure 1b. The in-
crease in the average particle size at the last concentration x = 80 wt.% can also be associated
with better sinterability of the zirconium dioxide particles, which constitute the basis of
the mixture.

Figure 2 reveals the XRD patterns for all pre-annealed powders. The main phases on
the figure are depicted by special symbols, and dotted drop lines were added to indicate
the peaks of each phase. The XRD patterns show the presence of peaks of four main
phases: monoclinic zirconia m-ZrO,, periclase (magnesium oxide), spinel MgAl,O4 and
stabilized cubic zirconia c-(Zr;_ Mgy)O,. It can be stated that during pre-annealing in
the x-ZrO,-(90—x)-MgO-10-Al,O3 mixture, the following solid-state chemical reactions
occur [32]:

(1 — x)-m-ZrO; + x-Mg?" — ¢ — (Zr;_ Mgyx)O, + x-V**g ()

A1203 + MgO — MgA1204 (3)
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Figure 1. Size distribution of milled powders after pre-annealing at 1300 °C (a) and the dependence
of mean and median sizes and modes of distributions from starting concentration x (b).
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Figure 2. XRD patterns (a) and phase composition of powders after preliminary annealing (b).

A full-profile analysis was performed on the experimental diffraction patterns using
the Rietveld method [33]. Statistical parameters of fitting, such as Ryyp and Rp,, were in
the range of 6.88-8.61 and 5.19-6.71, respectively. The results of the analysis are presented
as dependences of the concentration of each of the above-mentioned phases on the con-
centration x (Figure 2b). Some discrepancies in the phase composition according to the
diffraction pattern analysis from the nominal composition of the batch are explained by the
high adsorption coefficient of X-rays of magnesium oxide. From the obtained dependencies
it is important to highlight that the proportion of stabilized zirconium dioxide is within
5-18 wt.%. This indicates an insufficient temperature for the formation of substituted
stabilized zirconium dioxide.

The density and volume shrinkage of the tablets sintered at 1500 °C were estimated
by measuring the thickness, diameter, and weight before and after sintering. The results
of the density and shrinkage calculations are shown in Figure 3a,b. As is evident from
Figure 3a, the density of the sintered ceramic tablets increases as the concentration x grows
according to a linear relationship. This tendency of the curve can be explained by the fact
that the composition of the ceramics changes in such a way that the component with a
lower physical density (periclase, MgO) is substituted by a component with a high density
(ZrOy). Volume shrinkage, on the other hand, decreases with increasing concentration
x, and on the curve one can distinguish two slopes, which can correspond to different
sintering mechanisms. Explanations for this will be given below.
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Figure 3. Dependence of apparent density (a) and volume shrinkage (b) on x.
The XRD patterns in the 20 = 15-100° range of the sintered tablets are shown in
Figure 4a. To clarify the main features, XRD patterns were also plotted in the 26 = 20-50°
range in Figure 4b and separately in the Supplementary Files (Figures S3-510). As can
be seen from Figure 4a,b, the XRD patterns show reflections from the periclase phases,
magnesium—aluminum spinel, and monoclinic zirconium, as well as cubic and tetragonal
zirconium dioxide. Small peaks of the secondary phases of silica, CaWO, and Mg,SiO4 also
are presented in the XRD pattern due to possible contamination from the corundum crucible
or muffle lining. The intensities of the reflections corresponding to the c-ZrO, phases are
significantly higher compared to the diffraction patterns recorded on pre-annealed powders,
indicating an intense reaction (2) at 1500 °C. An unexpected result is that for the sample
with a concentration of x = 60 wt.%, a significant increase in the intensities of the reflections
of the monoclinic phase of ZrO, is observed. Some XRD patterns show the presence of a
CaWOy phase, which occurred after the decomposition of tungsten carbide. The tungsten
carbide particles contaminated pre-annealed powders during grinding and oxidized with
the formation of CaWQy,.
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Figure 4. XRD patterns of tablets sintered at 1500 °C in the range of angles 15-100° (a) and 20-50° (b).

The microstructure of the sintered tablet’s unpolished surface is shown in the SEM
images in Figure 5. As can be seen from the images, two contrasting areas can be
distinguished—light grains and dark grains. The dark areas correspond to MgO and
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Mg-Al spinel grains, while the light ones correspond to the c-ZrO, phase. For better il-
lustration, EDX elemental maps are also shown in Supplementary Figures S11-518. MgO
grains are rounded and larger in size, reaching 10 pm at low concentrations, while spinel
grains are polygonal. Some micrographs show grains of tungsten oxide or wolframite.
The surface of the zirconium dioxide grains, starting with a concentration of x = 20 wt.%,
has a developed morphology with extended pores, grooves and convolutions. Based on
the results of ZrO,-MgO ceramics, where high-resolution electron microscopy images are
available, this type of zirconium dioxide grain is acquired due to the eutectoid decompo-
sition c-(Zr;_xMgyx)Op — m-(1 — x)ZrO, + xMgO [34,35]. In addition, high-temperature
annealing can cause the volatilization of Mg atoms from the ceramic surface [36]. During
the volatilization process, defective regions with a high concentration of vacancies are
created, which migrate along the grain surface and form extended voids.

x =50 wt.% x =60 wt.%

Figure 5. Cont.
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x=70 wt.%

Figure 5. SEM images of the surface of sintered tablets.

As the concentration x increases, the grain size of the zirconia (inclusion phase) grows
and the matrix phase MgO/MgAl,Oy4 changes places with ZrO, and becomes the inclusion
phase. The change in grain size distribution with elevation of concentration x can also be
traced in the grain size distribution histograms in Figure 6. Samples with a large amount of
periclase have wide distributions and high shrinkage values (Figure 3b). As concentration
x increases, MgO particles present in the powders can act as inhibitors of zirconium dioxide
grain growth [25]. In this case, the shrinkage of the samples will decrease, and the grain
size will be smaller than in ceramics with excess MgO.
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Figure 6. Distribution of grain sizes of zirconium dioxide and MgO, Al,Os,

The mechanical characteristics of the sintered ceramics were assessed by measure-
ment of the Vickers microhardness and the biaxial flexural strength. Table 1 illustrates the
obtained values of the above characteristics for all concentrations of x. A comparison of
these dependences shows that the changes in HV and oy, have sections with the same
characteristic bends. At initial concentrations (x = 10 wt.%), a slight increase with a plateau
was observed for the HV dependence. For oge,(x), a continuous growth up to the point
x = 50 wt.% was observed. Such behavior is associated with a change in the phase composi-
tion and microstructure.

Table 1. The comparison of phase composition, phase content, statistical parameters of Rietveld
refinement, HV microhardness, and o, among obtained ceramics.

Phase Statistical Parameters Open

o, 3

X, wt%  Phase Name Content, % Rup,% Rp, %  Re, % X2 Pexp, glem Porosity, % HV1 ofiexs MPa
c-ZrMgO, 11.53 + 0.09
MgO 74.05 + 0.02

10 MgALO, 13.09 + 0.17 8.04 6.02 7.3 1.2106 3.3368 6.86 830 + 38 122 +4.76
CaWOy, 1.33 4+ 0.09
c-ZrMgO, 12.2 £ 0.03
MgO 56.7 + 0.05
MgALO, 18.5 + 0.02

20 m-ZrO, 5.2 4+ 0.02 8.05 6.03 7.3 1.2123 3.5012 5.59 832 + 51 146 = 11.41
t-ZrO, 6.21 + 0.03
CaWOy 1.19 £ 0.07
c-ZrMgO» 40.1 £+ 0.03
MgO 32.2 +0.03

30 MgAl,O4 26.4 +0.04 10.49 7.54 6.82 2.3663 3.7488 5.39 898 + 70 150 + 6.57

m-ZrO, 0.0

CaWOq 1.30 £ 0.16
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Table 1. Cont.
o Phase Statistical Parameters 3 Open
% wt%  Phase Name Content, % Rup,% Rp, %  Re, % X2 Pexp, glem Porosity, % Hv1 ofiexs MPa
c-ZrMgO, 46.3 = (5)
MgO 282 + (4)
40 MgAl, Oy 13.2 + (3) 11.15 7.68 6.69 2.7734 3.9999 5.91 1037 +12 208 + 11.07
CaWOy 7.2+ (6)
Mg25iOy 5.1 £ (6)
c-ZrMgO, 472 +£0.04
MgO 25.6 + 0.05
50 MgALO, 26.8 -+ 0.03 7.62 5.78 6.64 1.3124 4.2942 2.78 1037 +£12 250 +15.16
CaWOy 0.4 £+ 0.03
c-ZrMgO, 38.5 + 0.03
MgO 10.1 £ 0.02
60 MgAl, Oy 18.3 £0.03 10.38 7.74 6.57 2.4932 4.5432 0.34 736 + 19 113 +3.73
m-ZrO, 26.5 £+ 0.02
Si]920384 6.6 +0.03
c-ZrMgO, 429 +0.03
MgO 0.46 + 0.07
70 MgAl,O4 5.34 £ 0.04 8.78 6.94 6.54 1.7977 4.7018 11.93 777 +7 151 + 6.47
m-ZrO, 4.3 +0.03
t-ZrO, 47 +0.02
c-ZrMgO, 44.6 + 0.02
MgO 6.7 +0.04
80 MgAl,O4 11.9 + 0.07 8.05 6.07 6.34 1.6058 5.0280 1.61 1312 +£14 211 +10.24
m-ZrO, 74 4+ 0.05
t-ZrO, 29.4 +0.10

The increase in the values of mechanical properties may be associated with an elevation
in the proportion of the stabilized zirconium dioxide phase c-ZrO; and a decrease in the
average grain size. As can be seen from Figure 7a the average grain size for the ZrO, phase
and the MgO, Al,O3 phases decreases, and the proportion of the stabilized phase c¢-ZrO,
grows in the concentration range of x = 10-40 wt.%. It is important to highlight that despite
the increase in porosity from ~10 to 13.5% (see Supplementary Table S4), the values of
microhardness and flexural strength grow, indicating that it is the phase composition that
determines the strength characteristics of sintered ceramics. It is known from the literature
that the microhardness of magnesium oxide and spinel is lower than that of stabilized
zirconium dioxide [37,38]. Since the object of study is composite ceramics, then according
to the effective medium theory, the properties of the composite will be determined by the
concentration of the components of the composite [39]. As the proportion of periclase
decreases, the proportion of stabilized zirconium dioxide increases, enhancing the strength
of the sintered ceramic. The contribution to the effective values of HV1 and oy, from the
MgAl,O4 phase is not decisive due to the fact that its concentration is in the range of 5-25%.
Also, in zirconium dioxide, there is a known transformation strengthening mechanism in
which there is a phase transition to a monoclinic phase, in which the crack loses its energy
and has no ability to propagate further [15,40]. For this reason, the content of stabilized
zirconium dioxide can determine the final properties of composite ceramics. An additional
mechanism leading to strengthening can be attributed to the following. As the average
grain size shrinks, the area of intergranular boundaries, which have a higher concentration
of dislocations, grows. High concentrations of dislocations can also stop cracks and increase
the values of microhardness and bending strength [41,42].

Since pores are dislocation concentrators, the propagation of cracks will inevitably
occur through their accumulations in the volume [43]. This is what causes the low values
of mechanical properties of ceramics with concentrations of x = 10-30 wt.% (see Figure 7b
and Table 1). The porosity of the above samples is in the range of 10-14%, while HV
has a value of less than 1000, and ogex < 200 MPa. The porosity values above are due
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to the asymmetrical wide distribution of particles after annealing and milling (Figure 1).
The maximum value of e, = 250 MPa in Table 1 is directly related to the decrease in
porosity in the ceramic disks. For the sample with a concentration of x = 50 wt.%, the
minimum porosity was found with a value of 3% (Figure 7b). The porosity was calculated
using the formula (1—pexp/ Ptheo)100%, where the geometrical density from Figure 3a
was used as the experimental density. More information about porosity calculation can
be found in Supplementary Tables S2-54. In addition to low porosity, sintered ceramics
with a concentration of x = 50 wt.% have a high stabilized zirconium dioxide content,
which also determines the highest biaxial flexural strength value. Overall, it can be seen
that mechanical characteristics mainly depend on open porosity in sintered ceramics (see
Supplementary Table S4). This is due to the connectivity of pores which results in creating
a path for crack propagation [43,44].
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Figure 7. Dependence of the average grain size (a) and total porosity (b) on the starting concentration x.

As the concentration x grows to 60 wt.%, a dramatic decrease in the HV and oy
values is observed. This change correlates with a sharp increase in the proportion of the
monoclinic phase of ZrO,, which was found by analyzing the experimental XRD patterns
using the Rietveld method (see Table 1). A possible explanation for this effect can be found
by analysis of the SEM images (Figure 5). As the study of the microstructure showed for
the sample with x = 60 wt.%, there is an uneven distribution of the components of the
composite ceramics compared to the other samples. Apparently, the clusters of MgO and
MgAl,O4 grains are the main reason for the transition of the stabilized c-ZrO; phase to
the monoclinic ZrO,. This may occur by the following mechanism. During annealing,
Mg atoms possibly volatilize on the grain surface. If there are no MgO periclase grains
near the c-ZrO, grain, then the diffusion of Mg ions from the grains in the ceramic volume
into the ZrO, crystal lattice does not occur. This subsequently leads to an increase in the
proportion of the monoclinic phase and a decrease in the HV and oy, values, because of
the absence of the stabilizing dopant. Regarding the reasons for the uneven distribution of
grains in the microstructure, it can be noted that for the sample x = 60 wt.%, a fairly high
concentration of MgAl,O4 was found in the pre-annealed powders. Since MgAl,Oy is a
highly stable oxide, then at a sintering temperature of 1500 °C, stabilization of zirconium
dioxide according to Equation (2) is unlikely, since Mg ions will not leave the MgAl,O4
grains [45]. A surprising fact is that for the sample with the highest porosity of 18%
(x =70 wt.%), the mechanical property values are comparable with less porous samples.
This observation can be explained by the increased content of the tetragonal phase t-ZrO,,
which is characterized by the highest crack resistance among oxide technical ceramics. This
surprising fact also points to the decisive contribution of the phase composition to the final
properties of x-ZrO,-(90—x)-MgO-10-Al,O3 ceramics.
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A comparison of the measured values of mechanical properties with the results from
recent studies is given in Table 2. As can be seen from the table, the values of biaxial flexural
strength of some ceramics based on aluminum oxides and zirconium oxide exceed the
values obtained in this work by 2—6 times. However, to obtain these ceramics, sintering
regimes with much lower heating rates and controlled cooling were used. In addition, most
studies used commercial nanoscale or submicron powders as starting materials. The use
of micron pre-annealed powders in this work results in high porosity, which reduces the
Ogex Values. However, conducting experiments with micron powders brings the laboratory
experiment closer to production conditions. We believe that by selecting the sintering
mode, it is possible to achieve comparable results in such indicators as flexural strength
and compressive strength. This assumption is also supported by the fact that the ceramics
obtained in this work achieve microhardness values comparable to those obtained by other
researchers. The sintering regimes used in this work are suitable for producing porous
ceramics, for example for thermal insulation applications.

Table 2. Comparison between composition of ceramics, synthesis method, starting powder size, g ey,
microhardness, and porosity in recent publications and this work.

Composition of

Starting Powder

Ceramics Synthesis Method Size, um oflexsr MPa Microhardness Porosity, % Reference
o031 oot
with SrO, p . d 0.15-0.20 501 + 21 HV1658 + 28 Low, fully dense [46]
Cr205 doping pressing an
L sintering, 1600 °C
Conventional
processes with
pressing and
sintering, 1450 °C,
ZTA-Cry,O3 2 °C/min heating - 546 + 59 - 4.09 [47]
rate, 3 h hold,
10 °C/min
cooling rate
Conventional
processes with
pressing and
sintering, 1450 °C,
ZTA-MgO 2 °C/min heating - 915 + 41 - 6.17 [47]
rate, 3 h hold,
10 °C/min
cooling rate
Zr0; 92.5; Al,O5 . g
007,510,058
MgO 0.14; Na; O Ramp-up rate - 650 == 76 HV1359 + 35 - [48]
0.14; K,0 0.07; o :
0.2-0.5 °C/min,
S0, 0.15:¥20> 4500 ¢ 3 1y sinterin.
4.67; HfO, 1.64. ' J
! moloA) Y20s; Conventional
12 mol% A1203; T with
1 mol% CoO; D enteri 0.01-0.04 606 + 148 - - [49]
7 mol% CeOy: pressing an mgtermg
1 mol% Fe, O3 15501620 °C
DLP printed, 30 h of
. . debinding 1100 °C,
Zirconia 1500 °C with dwell - 1238 + 327 - Fully dense [50]
time 5 h of sintering
DLP printed, 30 h of
5Y-PSZ debinding 1100 °C, - 1059 + 178 HV1590 + 24 Fully dense [51]

1500 °C with dwell
time 5 h of sintering
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Table 2. Cont.
Comp 051t{0n of Synthesis Method Startl.ng Powder oflexs MPa Microhardness Porosity, % Reference
Ceramics Size, pm
FDM printed and
. . milled, conventional
Zirconia sintering at 1500 °C 0.4-0.6 1241 £+ 200 HV1622 + 216 - [52]
with dwell time 2 h
Conventional
x:Z1r0y- processes with
(90—x)-MgO- pressing and 0.8-1.25 250 + 15.16 HV1312 + 14 3-18.5 This Work
10-Al, O3 sintering, 10 °C/min,
1500 °C,5h

The main novelty of this work is the study of the property—composition-structure inter-
actions in multicomponent ceramics ZrO,-MgO-Al,Os. In particular, it was found that the
formation of the metastable phase t-ZrO, and ¢-ZrO, significantly improves the mechanical
characteristics and helps to reduce porosity. It was found that despite the high porosity in
ceramics with t-ZrO, and ¢-ZrO, phases, higher values of bending strength and microhardness
are observed compared to dense samples with a high content of the m-ZrO, phase.

4. Conclusions

In this work, ternary oxide ceramics with the composition of x-ZrO,-(90—x)-MgO-10-Al,O3
(x = 10-80 wt.%) were obtained using the standard ceramic technology with preliminary
annealing of powders. A comprehensive study using XRD, SEM and mechanical tests
showed that with a change in the concentration of x, the microstructure, microhardness
and flexural strength varied significantly. Preliminary annealing at 1300 °C initiates the
formation of MgAl,O4 and c-ZrO, phases, but the concentration of the latter does not
exceed 20 wt.% according to the results of Rietveld analysis. After sintering the tablets
at 1500 °C, the phase composition changes and the content of the stabilized zirconium
dioxide phase can reach 90 wt.%. At low x concentrations in the range of 1040 wt.%, the
high porosity of the ceramics is due to the large initial size of the MgO particles. Despite
the relatively high porosity, the high HV and og, values are mainly due to the change in
phase composition. With a decrease in the proportion of periclase MgO and an increase in
the proportion of c-ZrO; at a concentration of x = 50 wt.%, high values of microhardness
of 1000 HV and biaxial bending strength of 250 MPa were found. In the microstructure
of sintered ceramic disks above the concentration of x = 10 wt.%, ZrO, grains with a
developed morphology, which arises due to the volatilization of Mg atoms and eutectiodic
decomposition, were found. The uneven distribution of grains of different phases in the
volume leads to a significant deterioration in mechanical properties. This is due to the
formation of an unstabilized m-ZrO, phase in the composition of the final ceramics.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/ceramics8030114/s1, Figure S1: Size distribution of initial powders
obtained by SEM (a), (c), (e) and by laser analyzer (b), (d), (f) for ZrO,, MgO and Al,Os, respectiely;
Figure S2: SEM images of starting powders ZrO; (a), MgO (b) and Al,Oj3 (c); Figures S3-510: XRD patterns
with corresponding phases from PDF database (a) and results of Rietveld fitting (b) for the samples with
concentration x = 10-80; Figures 511-518: Surface EDX maps for x = 10-80 wt.%. (a) SEM; (b) Zr; (c) AL;
(d) Mg; Figure S19: Representation view of the indents; Table S1: Values of geometrical parameters of
sintered tablets (R—radius of tablet, t—thickness of tablet); Table S2: Values of theoretical density used
for effective theoretical density calculations; Table S3: Comparison between geometrical density (pexp),
Archimedes density (pa) and effective theoretical density (pg,e.) of sintered disks; Table S4: Comparison
between total porosity, closed porosity and open porosity of sintered disks.
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