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Abstract. In the present work, sintering and investigation of composite ceramic materials based on nanostructured MgO-ZrO, powders
were carried out. Zirconium dioxide was additionally stabilized with 3 mol. % yttrium oxide. The nanopowders were pre-treated
by mechanical activation using a planetary ball mill at a rotation frequency of 10 Hz. Zirconium dioxide balls were used as the grinding
media. The prepared powders were compacted at pressing pressures of 50, 100, 200, and 300 MPa. The compacts were sintered in
a high-temperature furnace at 1700 °C. Microstructural studies were performed on the polished surfaces of the sintered samples
using scanning electron microscopy (SEM). EDX mapping was conducted to determine the elemental distribution, confirming
the presence of two phases in all samples. To evaluate the effectiveness of stabilizing additives on the polymorphic transforma-
tion of zirconium dioxide, X-ray diffraction (XRD) analysis was performed. The porosity of the materials and its dependence
on the pressing pressure and magnesium oxide content were also assessed. Mechanical properties such as Martens hardness and
elastic modulus were measured using a Nanolndenter G200, while flexural strength was evaluated by scratch testing on the same
device. Fracture toughness was determined by the indentation method using the Marshall-Evans approach. The influence of magne-
sium oxide additives on the physical and mechanical properties of the MgO-ZrO, composite ceramics was established.
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AHHOTauMﬂ. HpOBe,Z[eHLI CIICKAaHUE U UCCIIEJOBAHNC KOMITIO3UIIUOHHBIX KEPAMUYCCKUX MaTCPUAJIOB Ha OCHOBE HAHOCTPYKTYPHUPOBAHHBIX

nopomkos MgO-ZrO,. JIMOKCHA UHMPKOHHUS OBLI JOTIONHUTENBHO CTAOMIM3MPOBaH 3 MOJ. % OKCHIOM HTTpus. IIpumensembie
HAHOTIOPOIIKH MPEIBAPUTETEHO 00pabaThIBAIUCh METOJOM MEXaHOAKTHBAIMHU C TIOMOIIBIO TTAHETAPHOM IapOBON MENTBbHUIIBI IIPH
YacTOTE BPAIIEHHs Pa3MOIbHBIX cocynoB 10 I'i. B kauecTBe MeIOIIUX TeN UCIONb30BaHbl IAaphl U3 AUOKcHA 1upKonus. IToxro-
TOBJICHHBIE IIOPOIIKHU OBLIN CIIPECCOBaHBI IpH AaBieHuu npeccoBanus 50, 100, 200 u 300 MITa. [ToiyueHHBIE TPECCOBKH CIIEKATUCH
B BBEICOKOTEMIIepaTypHoi neun rmpu temneparype 1700 °C. Ha moarorosieHHON MONMMPOBAHHON HOBEPXHOCTH CIIEUCHHBIX 00pa3IoB
IIPOBEJCHBI MUKPOCTPYKTYPHBIC UCCICIOBAaHUS METOAOM PaCTPOBOM JIEKTPOHHON MUKpockonuy. Bemonneno EDX-kaprupoBanue
JUTSL BBISIBIICHUSI PacIIpe/IeNICHUsI 3JIEMEHTOB, YCTAHOBJIEHO HAIWYMe ABYX (a3 Bo BcexX M3ydeHHBIX oOpasmax. [ onenkn 3¢ dex-
THUBHOCTH BJIMSHUS CTAOMIH3HPYIOMHKX J00aBOK Ha MOMMMOP(HOE MPpeBpaIieHne THOKCHIa INPKOHNS OCYIIECTBIEH PEeHTTreHO(ha-
30BbIH aHanu3. B xoze nccnenoBanus onpeaeneHsl IOPUCTOCTh MAaTEPHAIOB U €€ 3aBUCUMOCTD OT JIaBJIEHHs IIPECCOBAHUS U COAEP-
»KaHHs okcuna MarHus. [Ipu npoBexeHnn MHAEHTHpOBaHMs Ha rpudope «Nanolndenter G200» M3yueHbl MEXaHMYECKHE CBOWCTBA
00pasmoB — TBEpPAOCTb 110 MapTeHCy M MOY/Ib YIPYTOCTH, a B X0/e Scratch-TecTHpoBaHHs HAa JaHHOM 00OpPYOBaHUH — HX HpeJel
IPOYHOCTH Ha M3ru6. [1o MeToxy MHASHTUPOBAHNS C HCIIOIB30BAHIEM 3aBHCUMOCTH Mapiana—JBaHca OIpe/ie/IeHa TPEIMHOCTOH-
KOCTB 00pasIoB. B xoze mccneioBaHms yCTaHOBICHO BIHMSHIE JOOABOK OKCH/IAa MAaTHUS HA (DH3UKO-MEXaHHIECKHE CBOMCTBA KOMITO-

3UTHOM kepamuku MgO-ZrO,.

KnroueBbie cnosa: JUOKCHUJ LHUPKOHUA, OKCHUJ MarHus, HAHOCTPYKTYPUPOBAHHBIC ITOPOIIKH, aKTUBUPOBAHHOC CIICKaHUEC, KEpaMUKa,

HaHouHJeHTUpoBanue, EDX-kapTupoBanue

BbnarogapHocTyu: VicciieioBaHNe BBIIOJIHEHO C MCIOIb30BaHHEM 000pynoBaHus LleHTpa KOJUIEKTHBHOTO Ionib3oBaHus Hay4Ho-o0pa-
30BaTeIbHOrO LeHTpa «Hanomarepualisl 1 HAHOTEXHOJIOIUM» TOMCKOIO MOIMTEXHUYECKOIO YHUBEPCUTETA MPU MOAJECPIKKE IPOEKTa
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Introduction

Zirconium dioxide-based ceramics have found wide
application in various fields of science and techno-
logy due to their outstanding properties. This material
exhibits high fracture toughness [1], low coefficient
of friction [2], and significant wear resistance and
strength [3]. For this reason, zirconium dioxide-based
ceramic materials are widely used in dentistry [4], as
well as in the production of hip joint head implants,
cutting tools, bearing rolling elements, heat-resistant
components, and many other applications.

However, due to the phase transformation of zirco-
nium dioxide into the monoclinic phase and the asso-
ciated volumetric changes, a number of limitations
arise in the manufacturing of components from this
material [5]. In particular, the introduction of stabili-
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zing additives is required — most commonly yttrium,
calcium, or cerium oxides. The addition of stabilizers
makes it possible to prevent the phase transformation
by forming a substitutional solid solution based on zir-
conium dioxide and the introduced additive. The ionic
radius of the substituting elements is close to that
of (Zr*"), but slightly larger [6].

The prevention of the phase transformation can also
be achieved by other means, in cases where the com-
ponents do not form solid solutions. One such method
is the stabilization by creating a composite material
based on Al,O,~ZrO,. Due to the high elastic modulus
of aluminum oxide and its lower thermal expansion,
sintering results in a rigid matrix in which zirconium
dioxide particles are uniformly distributed and sub-
jected to a compressive stress field. As a result, zirco-
nium dioxide does not undergo polymorphic transfor-
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mation, and the composite structure enables improved
mechanical properties [7]. Magnesium oxide, silicon
nitride, and other high-modulus inclusions can also
serve as the matrix material [8].

Zirconium dioxide stabilization can be achieved
by the combined effect of several factors. However,
complex oxide systems consisting of three or more
ceramic oxide components have not yet been suffi-
ciently studied. For example, in [9], the effect of small
additions (up to 2 wt. %) of MgO on ZTA-CeO,
ceramics was evaluated. It was found that the relation-
ship between the additive and the resulting mechanical
properties is nonlinear, with optimal values observed
at 0.5 wt. % MgO. This was explained by the forma-
tion of two new phases — MgAl ,CeO y and MgAlO,.
In [10], it was noted that increasing the magnesium
oxide content up to 8 mol. % enhances fracture tough-
ness while reducing hardness. In [11], the addition
of yttrium oxide to Mg—PSZ ceramics resulted in
a noticeable increase in hardness with only a slight
decrease in fracture toughness. These studies indicate
significant potential for developing composite cera-
mics based on zirconium dioxide with magnesium and
yttrium oxide additives.

The objective of this study was to determine
the effect of magnesium oxide content on the micro-
structure and mechanical properties of ceramics in
a complex oxide system: MgO-ZrO,-Y,0,.

Materials and methods

In this study, nanostructured zirconium dioxide
powders of grade UDPO VTU 4-25-90 produced by
plasma chemical synthesis (with an average particle
size of 500 nm) and industrial-grade micron-sized mag-
nesium oxide powders of grade MRTU 6-09-3391-67
(particle size <40 um) were used. The purity of both
powders was 99 %.

A 3 mol. % yttrium oxide additive was intro-
duced into the zirconium dioxide powder. Based on
these powders, mixtures with the following com-
positions (mol. %) were prepared: 2MgO-98ZrO,;

Composition of powder mixtures

CooTHOIIEHNEe KOMIIOHEHTOB
B MOPOIIKOBBIX CMECAX

Mixture composition

wt. %
0.65Mg0-99.35Zr0,
1.33Mg0-98.67Zr0O,
2.75Mg0-97.25Zr0,
5.83Mg0-94.17Zr0,

mol. %
2Mg0-98Zr0,
4Mg0-96Z10,
8Mg0-927r0,
16MgO-84Z7r0,

4Mg0-967r0,; 8Mg0-927Zr0O,; 16MgO-84ZrO,.
The compositions of these mixtures in molar and mass
percentages are presented in Table.

The powders under investigation were pre-treated
by mechanical activation. Mechanical activation was
carried out in an Activator-2SL planetary ball mill
(Activator Machine-Building Plant, Novosibirsk,
Russia) under the following conditions: grinding vessel
rotation frequency — 10 Hz, treatment time — 10 min,
and a grinding media to powder mass ratio of 3:1.
Zirconium dioxide balls were used as grinding media.

The prepared powder mixtures were compacted
using carboxymethyl cellulose as a plasticizer at uni-
axial pressing pressures of 50, 100, 200, and 300 MPa.
The green compacts were then sintered in a high-
temperature furnace at 1700 °C with a 1 h dwell time
at the target temperature. The densities of the sintered
samples were determined using the hydrostatic weigh-
ing method. Since the formation of a composite struc-
ture with possible new solid solutions complicates
the determination of theoretical density, porosity was
evaluated based on micrographs of the sample surfaces
obtained by scanning electron microscopy (SEM)
at low magnification (200*), following the procedure
described in [12; 13].

SEM investigations of the sample surfaces and ele-
mental analysis (EDX mapping) were carried out using
a Zeiss EVO 50 scanning electron microscope (Carl
Zeiss, Germany).

The phase composition of the materials was stu-
died by X-ray diffraction (XRD) using a Shimadzu
XRD-7000 diffractometer (Japan) with CuK , radia-
tion (A= 1.5406 A) and step scanning in the 20 range
of 10-90°. Diffraction peak identification was per-
formed using the Crystallographica Search-Match soft-
ware and the PDF4+ structural database. The structural
analysis was conducted using the PowderCell 2.4 prog-
ram and the same database.

The mechanical properties of the sintered samp-
les were evaluated using a Nanolndenter G200
(KLA-Tencor, USA) equipped with a Berkovich dia-
mond tip under a 500 mN load. Martens hardness
and elastic modulus were determined from the loa-
ding curves. Scratch testing was used to determine
the flexural strength of the samples under indentation.
This method involves scratching the sample surface
under a linearly increasing load up to 10 mN, fol-
lowed by measurement of the crack depth and width.
The nanoindentation procedure is described in detail
in [14; 15]. Fracture toughness was determined using
a Vickers microhardness tester PMT-3 (LOMO JSC,
St. Petersburg, Russia) by the indentation method [16].
Cracks were induced under a 5 N load.
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Results and discussion

After sintering under the specified conditions, high-
density samples were obtained (Fig. 1). Among the stu-
died compositions, the samples with 8Mg0-92ZrO,
exhibited the highest density. It was found that
the dependence of the relative density of MgO-ZrO,
composite ceramics on composition is nonlinear. At all
investigated compaction pressures, the relative den-
sities of the sintered samples decreased in the follo-
wing order (mol. %): 8Mg0-92Zr0,, 4MgO0-96Zr0O,,
16Mg0O-847r0,, 2MgO-98ZrO,, which is consis-
tent with the findings reported in [17; 18]. It was
shown in [17] that increasing the sintering time
for the 8Mg0O-92ZrO, ceramic composition leads
to a further increase in density, continuing up to 20 h
of treatment. In [18], it was noted that the porosity
of MgO-ZrO,-based composites varies depending
on the presence of magnesium oxide; however, this

dependence differs across temperature ranges, exhibi-
ting both an increase and a decrease in material poro-
sity. Moreover, a linear trend was observed only within
specific temperature intervals. The study in [18] was
conducted at higher temperatures than the present work
and reported elevated porosity levels in the range of 24
to 32 %. These findings highlight the effectiveness
of the mechanical activation parameters applied in this
study and suggest its further use when working with
materials of this composition.

Using EDX mapping to determine the elemental
composition of ceramic samples compacted at a pres-
sure of 300 MPa, images of the polished cross-sec-
tional surfaces were obtained. Fig. 2 shows the ele-
mental distribution and microstructure images for
the 2MgO-98ZrO, composition.

Based on the results of EDX mapping of MgO-ZrO,-
based samples, the presence of two distinct phases —

87.5
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MgO, mol. %

Fig. 1. Dependence of the relative density of sintered samples on pressing pressure (a)
and on magnesium oxide content for samples compacted at P = 300 MPa (b)

Samples, mol. %: I - 2MgO-98Zr0,, 2 - 4MgO-96Zr0,, 3 — 8Mg0-92Zr0,, 4 — 16Mg0O-84ZrO,

Puc. 1. 3aBUCHMOCTh OTHOCHTEJILHOM MJIOTHOCTH CIICUCHHBIX 00Pa3IloB OT JAaBJICHUS MpeccoBaHus (a)
U COMCPIKaHMsI OKCHIa MarHus JUTst 00pasiioB, monydeHHsIX mpu P = 300 MIla (b)

O6pasupl, Moi. %: 1 —2Mg0-98Zr0,, 2 — 4Mg0-96Zr0,, 3 — 8Mg0-92Zr0,, 4 — 16Mg0O-84ZrO,

|

e | 50 pm
'fi_t; —

Fig. 2. Elemental analysis of a sintered sample with the composition 2MgO-98ZrO,

Puc. 2. DnemenTHblit aHanus3 criedeHHOro obpasia cocrasa 2MgO-98Zr0,
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MgO and ZrO, — was established, which is consis-
tent with the observations reported in [19]. However,
according to [10; 11; 20], the formation of a solid
solution based on ZrO,~-MgO should occur. The two-
phase composite structure obtained in this study indi-
cates that no interaction between MgO and ZrO, takes
place during sintering. According to the EDX mapping
results, magnesium does not enter the crystalline struc-
ture of ZrO, and does not form a solid solution based
on ZrO,-MgO, which is attributed to the stabilizing
effect of Y,0,.

@ m-Zr0O,
= m c-Zr0,
4 ° - A MgO
° ° 1 .:;A..AA.. oA ooo.'.‘. ° e m A mm
| |
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Fig. 3. X-ray diffraction (XRD) analysis
Samples, mol. %: I - 2MgO-98Zr0O,, 2 — 4MgO-96Zr0,,
3 - 8Mg0-92Zr0,, 4 - 16Mg0O-84Zr0O,

Puc. 3. PentrenogasoBblii ananus

O6pasupl, Mmoi. %: 1 —2Mg0-98Zr0,, 2 - 4Mg0-96Zr0O,,
3 - 8Mg0-927r0,, 4 — 16Mg0O-84Z:0,

To assess the effect of stabilizing additives, XRD
analysis was performed (Fig. 3). It was found that
zirconium dioxide in the studied samples exists in
both the cubic and monoclinic phases, indicating
an incomplete stabilization process of zirconium
dioxide [10; 21; 22]. According to [23], increasing
the sintering temperature should have a positive effect
on the stabilization process, which represents a rele-
vant direction for further research.

Mechanical tests showed that the hardness values
of the investigated samples varied over a wide range.
The highest Martens hardness (8.65 GPa) was recorded
for the ceramic with the composition 16MgO-84ZrO,,
fabricated under a pressing pressure of 300 MPa.
At this pressure, all samples exhibited their maxi-
mum hardness. An increase in hardness was generally
observed with increasing pressing pressure; however,
for the 4MgO-96ZrO, composition, values deviating
from this positive trend were identified.

For the MgO-ZrO, ceramic composite materials,
it was found that at a pressing pressure of 50 MPa,
the hardness values of the investigated samples were
approximately the same across all compositions, around
5 GPa. As the pressing pressure increased, the hard-
ness also increased; however, a distinct contribution
of magnesium oxide to the hardness enhancement
became apparent only at pressures above 200 MPa. This
effect is attributed to the reduced influence of porosity
at a pressing pressure of >200 MPa, a linearly increa-
sing dependence of hardness on the magnesium oxide
content was observed (Fig. 4), which is associated with
changes in the crystallochemical structure. A similar
trend of increasing hardness with higher MgO con-
tent was also reported in [18]. Although the authors
of [18] used higher sintering temperatures (from 1570
to 1970 K), our results demonstrate that even at lower

P, MPa

9 9
b
8
£
G 7 s
2 6
5
E 5 7+
s
4
3 1 1 1 1 6 1 1 1
50 100 150 200 250 300 0 5 10 15

MgO, mol. %

Fig. 4. Dependence of Martens hardness of sintered samples on pressing pressure (@)
and magnesium oxide content for samples produced at P =300 MPa (b)

Samples, mol. %: I - 2MgO-98Zr0,, 2 - 4MgO-96Zr0,, 3 - 8Mg0-92Zr0,, 4 — 16Mg0O-84ZrO,

Puc. 4. 3aBucuMOCTb TBEpAOCTH 10 MapTeHcy CriedeHHBIX 00pa3IoB OT JaBICHUs NPeccoBaHus (a)
U OT COICPIKAaHMs OKCHA MarHus JUls 00pa3ioB, monydeHHbIx npu P =300 MIla (b)

O6pasupl, Mo %: 1 —2Mg0-98Zr0,, 2 — 4Mg0-96Zr0,, 3 — 8Mg0-92Zr0,, 4 — 16Mg0O-84Zr0O,
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sintering temperatures, magnesium oxide retains its
positive effect on material hardness, which highlights
the potential of this ceramic composite material for fur-
ther study at reduced sintering temperatures. At the same
time, according to [10;11], the hardness values
of the investigated MgO-ZrO,-Y,0, materials exceed
those of MgO-ZrO,, Y,0,-Zr0O,, and MgO ceramics.
For example, the Vickers hardness of MgO-ZrO,-Y,0,
ceramics can reach 14.8 GPa, compared to the respec-
tive values of 10.9, 12.0-12.5, and 10-11 GPa reported
for the above-mentioned materials.

During the study of the elastic modulus of the mate-
rials, the highest value — 330.3 GPa — was recorded
for the ceramic with the composition 16MgO-84ZrO,
at a pressing pressure of 300 MPa (Fig.5). For
the MgO-ZrO, ceramics, the elastic modulus values
deviated from the previously observed trend for hard-
ness. For the 4AMgO-96Zr0, and 8Mg0-92ZrO, samp-
les, a nonlinear dependence of the elastic modulus on
the applied pressure was observed; however, this pro-
perty was nearly identical at both the maximum and mini-
mum pressures. Across all applied pressures, the high-
est elastic modulus was found for the 16MgO-84ZrO,
composition. At a pressing pressure of 50 MPa, it
was observed that the elastic modulus increased with
increasing magnesium oxide content. However, with
further increases in pressing pressure, this dependence
broke down and became nonlinear, no longer associa-
ted with porosity levels. It was found that at the high-
est pressing pressure and maximum material density,
the ceramics with compositions 16MgO-84ZrO,
and 2MgO-98ZrO, exhibited the highest elastic
moduli, while the compositions 4MgO-96ZrO, and
8Mg0-92ZrO, showed lower values. In other words,
a parabolic dependence of the elastic modulus on
the magnesium oxide content is formed, with a mini-

mum at 4 mol. % MgO. Study [25] presents the depen-
dence of the elastic modulus on the MgO content in
MgO-ZrO, composites and shows an increase in
modulus up to 20 mol. % MgO. At higher MgO con-
tents, the elastic modulus decreases. However, since
the increments of magnesium oxide addition in that
study were large (about 20 %), they did not provide
sufficient resolution to describe the influence of MgO
on the elastic modulus in the 0-20 % range. Therefore,
the present study is of particular relevance, as it reveals
the behavior of the elastic modulus within this critical
composition interval.

In this study, the strength parameters of ceramic
samples obtained at a pressing pressure of 300 MPa
were determined using the scratch test method,
along with the critical stress intensity factors (frac-
ture toughness) (Fig. 6). It was found that the lowest
strength (467.17 MPa) was exhibited by the sample
with the composition 2MgO-98ZrO,. An increase in
strength was observed with rising magnesium oxide
content, reaching up to 791.15 MPa, with this trend
following a hyperbolic pattern. According to [25],
the behavior of the strength parameter, similar to that
of the elastic modulus, reaches a maximum upon
the addition of 20 mol. % MgO, followed by a decline
when this content is exceeded, assuming the same fixed
intervals of magnesium oxide addition.

In the present study, it was found that the fracture
toughness (critical stress intensity factor) varies non-
linearly with increasing magnesium oxide content,
reaching a maximum value of 10.53 MPa-m!? with
the composition 16 mol. % MgO. Publications [9; 10]
report that the introduction of magnesium oxide in
various molar fractions increases the fracture toughness
of zirconia-based ceramics; however, the dependence
is nonlinear. According to [9], the addition of a small

360 350
< b
=¥
) 320
E 280 300
=
'é 240
o 200 250
g 160
o
120 1 1 1 1 200 1 1 1
50 100 150 200 250 300 0 5 10 15

P, MPa

MgO, mol. %

Fig. 5. Dependence of elastic modulus of sintered samples on pressing pressure (a)
and magnesium oxide content for samples obtained at P =300 MPa (b)

Samples, mol. %: I - 2MgO-98Zr0,, 2 — 4Mg0-96Zr0,, 3 — 8Mg0-92Zr0,, 4 — 16MgO-84ZrO,

Puc. 5. 3aBucuMOoCTb MOMTYJIsI YIIPYTOCTH CIICYCHHBIX 00Pa3IloB OT JaBJICHHS MPECCOBAHUS (@)
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O6pasupl, Moi. %: 1 —2Mg0-98Zr0,, 2 — 4Mg0-96Zr0,, 3 — 8Mg0-92Zr0,, 4 — 16Mg0O-84ZrO,
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amount of magnesium oxide — 0.5 mol. % MgO —
raises the fracture toughness to 9.14 MPa-m!?.
In publication [10], zirconia samples stabilized with
8 mol. % MgO were studied. The authors [10] found
that increasing the sintering temperature from 1450
to 1500 °C led to an increase in the critical stress
intensity factor from 7.59 to 8.5 MPa-m'"2. In the pre-
sent work, raising the sintering temperature to 1700 °C
and introducing an additional stabilizing additive —
yttrium oxide — resulted in an increase in fracture
toughness to 10.14 MPa-m'? for the sample contain-
ing 8 mol. % MgO, which indicates the effectiveness
of sintering temperature enhancement for improving
this parameter.

Conclusions

1. The conducted study established that the con-
solidation of MgO-ZrO, ceramic powder mixtures
with additional stabilization of zirconium dioxide
using yttrium oxide enables the formation of a compo-
site structure. It was shown that magnesium does not
enter the crystal structure of ZrO, and does not form a
ZrO,-MgO-based solid solution due to the stabilizing
effect of Y,0,.

2. Mechanical activation of the ceramic batches
at a rotation frequency of 10 Hz for 10 min resulted
in a reduction in the porosity of the sintered materials
compared to previously reported data.

3. It was found that increasing the pressing pressure
to 300 MPa has a positive effect on the mechanical
properties of the materials.

4. Among the investigated samples, the high-
est Martens hardness (8.65 GPa) was observed for
the ceramic with a composition of 16MgO-84ZrO,
obtained at a pressing pressure of 300 MPa. An increase
in the magnesium oxide content has a positive effect
on the hardness of the material; however, a significant

contribution of MgO to the improvement in hardness
is observed only at P> 200 MPa, which is associated
with a reduced contribution of porosity to the resulting
hardness.

5. The sample with a composition of 16MgO-84Zr0O,
obtained at a pressing pressure of 300 MPa exhibited
the highest elastic modulus among all tested materials —
330.3 GPa. This composition demonstrated the highest
elastic modulus values at all applied pressing pres-
sures. For the samples obtained at P = 300 MPa, a par-
abolic dependence of the elastic modulus on magne-
sium oxide content was revealed, with a minimum
at 4 mol. % MgO.

6.1t was found that increasing the magnesium
oxide content leads to higher tensile strength, reaching
791.15 MPa at 16 mol. % MgO.

7. It was shown that the dependence of the critical
stress intensity factor on magnesium oxide content is
nonlinear, with a maximum value of 10.53 MPa-m'?
at 16 mol. % MgO.
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