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Abstract

Alumina-zirconia composites containing calcium hexaaluminate in the
amount from o to 15 wt.% were investigated. The materials were obtained
by water dispersion, granulation, axial pressing, and free sintering. Den-
sity and open porosity were determined by the hydrostatic weighing
method. Phase analysis was performed using synchrotron radiation. Struc-
tural investigations were conducted using scanning and transmission elec-
tron microscopy. Vickers hardness was determined at a load of 10 kg. Frac-
ture toughness was determined by the indentation method. With increas-
ing CaAl;,0,9 content in the composites, the relative density decreased
from 98.5% to 91.8%, and the open porosity increased from 0.2 to 1.4%.
The lattice parameters of t-ZrO, crystal lattice did not change up to
12 wt.% CaAl;;0,9, and the degree of tetragonality was 1.435. The degree
of tetragonality decreased for the material with 15 wt.% CaAl;»O;9 and
reached 1.420. The lattice parameters of CaAl,,0,y decreased with increas-
ing content. Platelet size increased with increasing calcium hexaaluminate
content. For the materials containing up to 9 wt.% CaAl;,0,,, the average
length of the platelets was 2 pm, the width was 0.4 pm, and the aspect
ratio was 5. For the material with maximum calcium hexaaluminate con-
tent, the average length of the platelets was 4.2 pm, the width was 0.6 pm,
and the aspect ratio was 7. With increasing CaAl;,O,4 content, the hardness
decreased from 1700425 to 1390+30 Hv, and the critical stress intensity
factor increased by 34% to 6.7+0.3 MPa-mY/2,
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e The degree of tetragonality decreased for the material with 15 wt.% CaAl:20:9 and reached 1.420.

® CaAl1-019 content of 15 wt.% is most effective in increasing fracture toughness.

o The deflection mechanism is initiated with calcium hexaaluminate content about 15 wt.%.

© 2023, the Authors. This article is published in open access under the terms and conditions of
the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Among other materials, alumina-zirconia composites are
characterized by a combination of properties of their con-
stituents: high hardness and wear resistance of Al.Os3, and
high strength and fracture toughness of ZrO.. The combina-
tion of these characteristics, along with their refractory

nature (above 1600 °C) and chemical resistance, allows
them to be used in furnace linings, screw centrifuge rotors
and machine parts. In addition, the dielectric properties,
which are more significant for Al.O3;, make these ceramics
suitable for use as substrates in integrated circuits and in-
sulators. Composite ceramic materials based on alumina
and zirconia, containing hexaaluminates, are employed in
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the manufacturing of cutting tools, joint replacement im-
plants, and other structural products [1-6]. Hexaalumi-
nates have positive effect on the fracture toughness of alu-
mina-zirconia composites [7-10]. The mechanisms behind
the improvement in fracture toughness, based on the
change in crack propagation trajectory, are effectively real-
ized through the inclusion of elongated grains in the sin-
tered material structure. Such additives include elongated
crystals of silicon carbides and nitrides, carbon fibers and
platelet structures of hexaaluminates. Presently, research
focusing on investigating the structure of hexaaluminate
grains and their influence on the phase composition of ce-
ramics is of great interest.

Hexaaluminates are described by the general formulae
MeAli1018, MeAl12019, where Me is an alkali or alkaline earth
metal. Their structure corresponds to hexagonal symmetry
with space group P63/mmc. These compounds have -Al.O3
or magnetoplumbite structures. Both structures consist of
layered blocks of [Ali1O16]* spinel separated by [M*O] and
[M2*AlOs]" mirror planes, correspondingly. The structure
depends on the radius and valence of the stabilizing cation.
Alkaline oxides form (3-Al.O; type structures. Alkaline-earth
and rare-earth oxides form magnetolumbites. Divalent cat-
ions improve the stabilization of spinel blocks by reducing
the number of vacancies in the unit cell. This leads to the
formation of a stoichiometric compound [11,12].

Hexaaluminate grains have a platelet structure that pro-
vides repeated fracture propagation trajectory changes
along them. It is also possible to cut the platelets in the
length and width directions. In this case, cleavage proceeds
in weakly bound interspinel layers [11].

Calcium hexaaluminate is widely used to increase frac-
ture resistance. CaAl12019 is the only hexaaluminate with a
magnetoplumbite structure and a constant stoichiometric
formula MeAl:2019. In other magnetoplumbites, such as
LaMgAl1:019, the Me and Al contents can be varied. Thus,
research on alumina-zirconia ceramics with CaAl:2019
shows the effect of hexaaluminate with magnetoplumbite
structure on the phase composition and properties of com-
posites without the contribution of the ratio of Me and Al
atoms [11].

Sktani et al. [13] observed an effective fracture tough-
ness improvement at a low additive amount in a material
containing 80 wt.% Al.O3 and 20 wt.% ZrO-. Increasing the
content of CaAli2019 up to 4 wt.% leads to an increase in the
fracture toughness from 5.8 to 6.3 MPa-m'/2, CaAl:2019 con-
tent up to 13 wt.% is associated with a linear decrease in
fracture toughness up to 5.5 MPa-mY2, This value is lower
than that in the initial material without additives. Similar
results were also obtained by other researchers [14-17].

In [9], multi-phase composites based on Al.O; with
CaAl12019, MgAl04 and Ni were studied. A blend of CaO-
and MgO-based powders was used as the initial material
to form hexaaluminate and magnesium aluminate spinel
during the sintering process of the composites. It was
shown that increasing the amount of the added powders
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up to 4.89 wt.% increases the fracture toughness from 6
to 6.9 MPa-m'2. With further increase of the additive, the
fracture toughness decreases to 5 MPa-mY2. The authors
attribute this to a change in the fracture surface morphol-
ogy at the cracks.

Strontium hexaaluminate, which possesses a structure
similar to CaAl12019, exhibits comparable effects on the struc-
ture and properties of materials. Several researchers [18-20]
reported significant improvement in strength and fracture
toughness. However, they found that hardness decreases and
porosity increases [19, 21]. In a study by Podzorova et al. [22]
the mechanical properties of composites containing
20 mol.% Al>O3 and 80 mol.% 3Yb-TZP modified with stron-
tia were investigated. The authors demonstrated that
SrAli»0O:9 content exceeding 3% increases porosity. In addi-
tion, they discovered that modifying the composite with 1-
2 mol.% SrO elevates the flexural strength up to 850 MPa
and the fracture toughness up to 11.3 MPa-m"2.

Shi et al [23] showed that alumina ceramics with the
addition of 2 mol.% CeO- have the highest flexural strength
and fracture toughness: 576 MPa and 5.15 MPa-m"/2, corre-
sponding to an increase of 21% and 20% compared to the
material without additives. These data are in agreement
with the results of Liu et al [24].

However, the effects of the content of calcium hexaalu-
minate on the structure and properties of alumina-zirconia
ceramics have been less studied despite the large number
of studies in this area. The features of calcium hexaalumi-
nate crystal growth in Al.O3-ZrO. matrix depending on the
content of initial calcium oxide powder have not been re-
vealed.

2. Materials and Methods

Submicron powders of «a-Al.O3; (Almatis CT 3000 SG,
D50 = 0.5 um), 3Y-ZrO- (Stanford Materials,
D50 = 0.5 pm) and CaO were used as initial materials. The
amount of zirconia in all investigated compositions was

50 wt.%, initial calcia from 0 to 1.26 wt.%, and the remain-
ing was alumina. Calcia was introduced according to the
calculation of formation in the sintered materials from o to
15 wt.% CaAl20:9 with a step of 3%. Water-based suspen-
sions were prepared in a 1:1 ratio by weight. For deagglom-
eration of the powders, 2 wt.% of Dolapix deflocculant was
introduced. Before granulation, 1 wt.% of a 10 wt.% solu-
tion of grade PVA and 1 wt.% of PEG 400 were introduced.

Suspensions were prepared by dispersion in a ball mill
for 24 h. Grinding bodies with a diameter of 0.8 mm were
made of zirconia. After evaporating the water from the sus-
pensions, the obtained dry mass was crushed in a ceramic
mortar with a ceramic pestle and sieved using a mesh size
of 100-250 pm. Granular powders were compacted by axial
pressing on an Instron 3369 test machine.

The molding pressure was 100 MPa. Thus, samples in
the form of bars were obtained. Pressureless sintering was
performed in a tube furnace at 1520 °C for 2 h.
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The study of the formed phases was accompanied by the
determination of the lattice periods by X-ray diffraction
analysis. For this purpose, diffraction patterns were ob-
tained at the Siberian Center for Synchrotron and Terahertz
Radiation using a VEPP-4 electron gas booster (Novosi-
birsk, Institute of Nuclear Physics, Siberian Branch of the
Russian Academy of Sciences, channel 8-A, hard X-ray dif-
fraction). Synchrotron X-ray radiation was used as the pho-
ton source. The diffraction patterns were registered in the
transmission mode using a two-axis Mar354s detector with
a pixel size of 100x100 pm? and a scanning area diameter
of 345 mm. Monochromatic radiation was generated using
a silicon butterfly-type crystal; the wavelength was
0.178 A, in a beam size of 200x200 pm?2. Circular diffrac-
tion patterns were averaged by azimuthal integration using
PyFAI software (Python Fast Azimuthal Integration).

To determine the lattice periods, refinement of the dif-
fraction profiles was performed using the pseudo-Voit func-
tion combined with a fifth degree polynomial (to estimate
the background). The profile analysis allowed us to deter-
mine the positions of the X-ray maximum reflections of the
studied phases. Then, a redefined system of equations for a
defined phase was prepared on the basis of the Wulff-
Bragg's equation and solved using the least squares
method:

2dysinfy = 4
2d;sinf; = 1 )
2d,sinf, =1

where d; - interplanar spacing; 6; - angle corresponding to
the interplanar spacing d;; A - wavelenght; n - number of
analyzed reflections of the studied phase.

Mathematical criterion of diffraction profiles approxi-
mation quality was evaluated using R-factor according to

the formula:
R= Z |Ie - Icl )
. I
1A

where [, - experimental intensity values, I,
tained by calculation.

The phases were identified using the ICDD PDF 4+ data-
base.

(2)

- values ob-

The apparent density and open porosity were deter-
mined for the sintered samples by hydrostatic weighing.
The AD-1653 density determination setup based on the AND
GR-300 analytical scale was used. The theoretical density
of the composites was calculated. The relative density of the
sintered materials under study was estimated. Structural
investigations of the samples were performed using a Carl
Zeiss EVO 50 scanning electron microscope at magnifica-
tions up to x20000. The samples were prepared according
to standard technology using diamond suspensions. The
samples were etched with concentrated hydrofluoric acid
for 10 seconds. The obtained images were processed and
analyzed using the JMicroVision software version 1.2.7
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[25]. The composites were also investigated by transmis-
sion microscopy (TEM) on a JEOL JEM 2100 in STEM mode
and using an INCA X-max device for micro X-ray spectral
analysis.

Fracture toughness was determined by the indentation
method. The tests were performed using an EMCO-TEST
DuraScan 50 testing machine. A diamond Vickers pyramid
was used as the indenter. The load was 10 kg. At least 5 in-
dents were obtained on each sample.

After the measurements, the values of the critical
stress intensity factor were calculated. Calculations were
performed according to the Niihara equation, in which the
contribution of the Young’s modulus of materials is in-
cluded [26]:

c\—05 ,sH \NTO4 po. 405

Kj. = 0.048 - (_) ) (_”> % MPa-m2 (3)
a Ep @

where Hyv - hardness, GPa; E - Young’s modulus, GPa; c -

crack length, pm; a - half-diagonal length of an indentation,

pm; ¢ - constraint factor (¢ = 3).

3. Results and Discussion

The relative density and open porosity of the investigated
materials are shown in Table 1. It was found that an in-
crease in the number of introduced additives decreases the
density and increases the porosity of the materials. Alt-
hough the relative density of the composites decreases sig-
nificantly with increasing initial CaO additive content, the
porosity increases only slightly. For the materials without
the CaO additive the porosity was 0.2%, whereas for those
containing 15 wt.% CaAl120.9 the porosity was 1.4%. In [7],
the influence of calcium hexaaluminate at contents of 10
and 15 wt.% on the properties of alumina-zirconia ceramics
was studied. At the minimum content of calcium hexaalu-
minate the authors obtained the material with the highest
density; subsequently, porosity began to increase. With the
addition of 15 wt.% calcium hexaaluminate, the porosity
reached such values that the resulting ceramics can be char-
acterized as porous. The authors also note that the density
of CaAli20y9 is lower than that of zirconia. Therefore, cal-
cium hexaaluminate is subject to volume expansion, which
leads to pore reduction. Nevertheless, the sintering temper-
ature required for such densification is 1750 °C. During
cooling from such a high temperature, a large number of
monoclinic zirconia phases can form, which negatively af-
fects the mechanical properties. The authors concluded that
a lower sintering temperature results in higher grain
growth, which can lead to a greater reduction in the number
of closed pores, improving the mechanical properties. The
platelet shape of CaAli2019 grains inhibits the diffusion and
sintering processes, promotes the formation of intergranu-
lar porosity, and, consequently, increases the open porosity
of the material [27].

The investigations were conducted using X-ray phase
analysis. The results are shown in Figure 1. Two phases
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are present in the material without additives: a-Al.O3 and
t-ZrOz. The introduction of calcia into the matrix led to the
formation of calcium hexaaluminate in all compositions
studied. At the same time, the m-ZrO. phase appeared in
such materials. It is probably related to the increase in po-
rosity of the investigated systems and the phase transition
of tetragonal to monoclinic 3Y-ZrO-. This occurs due to the
absence of compressive stresses on the matrix grains.

The parameters of the crystal lattices of the main phases
in the investigated materials were determined using the
method of least squares. The results are presented in Table
2. The studies were carried out for alumina-zirconia ceram-
ics without additives, as well as with 12 and 15 wt.%
CaAl12010. It was found that up to 12 wt.% CaAli201g, the lat-
tice parameters of t-ZrO. remain unchanged, with a degree
of tetragonality equal to 1.435. However, for the material
with 15 wt.% CaAl12019, the degree of tetragonality de-
creased to 1.420. This decrease indicates the dissolution of
Ca?* cations in the crystal lattice of t-ZrO., which is stabi-
lized by 3 mol.% Y-0s.

Therefore, some calcium cations interacted with zirco-
nia but not with AlzOs. As a consequence, the parameters of
the crystal lattice of CaAli20.9 decreased.

Table 1 Relative density and open porosity of sintered materials.

CaAl,,0,, content, Relative Apparent porosity,
wt.% density, % %
o 98.5+0.3 0.2+0.1
3 96.3+0.4 0.5+0.1
6 95.0£0.3 0.9£0.2
9 94.4%0.3 0.9+0.2
12 93.2+0.4 1.0£0.2
15 91.8+0.4 1.4+0.3

o - C['A].203 @-t-ZrO, m- CaA]lzolg O-m-Zr0,
] ®

Ln(I)
Ln(I)

3,75 425 4,75 525 4,5 47 4,9 5,1
20, deg 20, deg
Figure 1 X-ray phase analysis of sintered materials: material with-
out additives (a), with 3 wt.% CaAl,,0,4 (b), with 6 wt.% CaAl,,0,q

(c), with 12 wt.% CaAl,,0,, (d), with 15 wt.% CaAl,,0,,.(€).

3,25
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Microstructural investigations using scanning electron
microscopy were performed. Typical structures are shown
in Figure 2. Two types of grains were recorded: dark gray,
predominantly equiaxed, Al.O3 grains and light ZrO- grains.
The average grain size for Al.O3 is about 1 pm at the 3 wt.%
CaAl12019 content, and in areas of its concentration the
grain size is 1.67 pm. Then, when the amount of calcium
hexaaluminate was increased to 12 wt.%, the average grain
size decreased to 0.94 pm. This is due to the formation of
CaAli2019. CaO interacts with Al.O3; grains to form hexaalu-
minate during the sintering process. Localized concentra-
tions of Al.O; grains are observed.

A similar dependence was found for zirconia grains. The
grain size decreased from 0.43 pm to 0.38 pm with increas-
ing calcium hexaaluminate content from 3 wt.% to 12 wt.%.

The presence of platelets, which are probably CaAl12019
compounds, was detected. The platelet size increased with
a higher content of calcium hexaaluminate. For materials
containing up to 9 wt.% CaAl:20.9, the average length of the
platelets is 2 pm, with a width of 0.4 pm, resulting in an
aspect ratio of 5 (Figure 2a). In the material with the max-
imum content of calcium hexaaluminate, the average plate-
let size is about 4.2 pum, the width is 0.6 pm, and the aspect
ratio is 7.

Table 2 Crystal lattice parameters of the studied materials.

CaAl,;0,,
content, «a-Al,0, t-ZrO, CaAl,;0,
wt.%
0 (R = 2.0%) a=b=4.775 a=b=3.618 -
12 (R = 1.1%) a=b=4.778 a=b=3.618 a=>b=5.550
15 (R = 2.3%) a=b=4.775 a=b=3.631 a=b=5.544

P |

Figure 2 Structure of alumina-zirconia ceramics containing 6 wt.%
CaAl,,0,4 (a) 1 15 Wt.% CaAl,,0,4 (b).

DOI: 10.15826/chimtech.2023.10.3.1
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Furthermore, individual platelets up to 6 um in length
were observed (Figure 2b). Therefore, it was found that an
increase in CaO content not only leads to an increase in the
calcium hexaaluminate content, but also to an increase in
the platelet size.

To determine the elemental composition of the fixed
platelets, studies by transmission electron microscopy were
carried out (Figure 3). Elemental analysis of the platelets
showed that they comprised Al, O and Ca. Thus, based on
the TEM data and X-ray phase analysis, it was established
that the platelets are calcium hexaaluminate.

The hardness and fracture toughness were measured us-
ing the indentation method. The results are shown in Table
3. The hardness decreases with increasing CaAl20:9 con-
tent, which is due to the decrease in alumina content and
the increase in porosity in the composites. Similar effects
were described in some studies [28-30]. In the sintered ma-
terial with a minimum CaAl:20:9 content, the critical stress
intensity factor increases by 14%. This is due to the for-
mation of CaAl12019 platelets and the realization of different
mechanisms of increasing fracture toughness, such as
platelet fracture, bridge formation, and bending mecha-
nism [31, 32]. With further growth of the CaAl:-019 content,
the critical stress intensity factor decreases. This is proba-
bly due to the increase in porosity of the material and its
negative contribution to the fracture toughness of the com-
posites. However, at the maximum CaAl;20:9 content, Kic in-
creases to a maximum value of 6.7+0.3 MPa-mY?2. This value
is 34% higher than that for the material without additives.

ull Scale 6036 cts Cursor: 0.000 ke’

Figure 3 TEM image of alumina-zirconia ceramics containing
15 wt.% CaAl,,0,4: structure (a), EDS analysis results (b).
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Structural investigations of the crack propagation tra-
jectory in the composites showed that the crack deflection
mechanism was realized only in the material with 15 wt.%
CaAliO19. An example is shown in Figure 4. Black arrows
indicate calcium hexaaluminate platelets, and ovals indi-
cate the areas of crack deflection from the original trajec-
tory. The direction of crack propagation is indicated by
green arrows. Thus, the contribution of the crack deflection
mechanism has a significant effect on the improvement of
fracture toughness. Simultaneously, the negative effect of
porosity was eliminated. In addition, it was found that in
the material with 15 wt.% CaAl:-019 platelet size increased
significantly compared with that in the other materials
studied.

Earlier, in a study on the effect of strontium hexaalu-
minate content on the properties of alumina-zirconia ce-
ramics, the effect of crack propagation trajectory deflec-
tion was also recorded only in the material with 15 wt.%
hexaaluminate [33]. However, main distinctive the fea-
ture of that study is the nonlinear change in the critical
stress intensity factor with changing calcium hexaalumi-
nate content. This may be associated in part with the non-
uniform distribution of CaAli2019 platelets in the structure
of the composites. This is explained by the thickening of
the water suspensions with increasing CaO content and is
described in the paper [34].

4. Limitations

During the investigation, it was difficult to analyze the in-
fluence of the structure on the properties of the materials.
This is due to the presence of pores and the local nonuni-
form distribution of calcium hexaaluminate in the materials.

Table 3 Hardness and fracture toughness of ceramic composites.

CaAl,,0,, content, wt. % H, ., Kic, MPa-m'/?
o 1700+25 5.0+0.2
3 1650+50 5.7+£0.2
6 1610+45 5.6+£0.3
9 1540+25 5.4+0.2
12 1410+40 5.5+0.2
15 1390+30 6.7+0.3

v { “‘-'L 4 2/
Figure 4 Crack propagation in alumina-zirconia ceramics with
15 wt.% CaAl,,0,,.
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The presence of calcium hexaaluminate platelets is associ-
ated with an increase in the viscosity of the water suspen-
sions prepared for dispersion. Thus, to improve the me-
chanical properties of composites with CaAli.0.g, it is rec-
ommended to change the synthesis method. For example,
the preparation of alcohol suspensions using hot pressing
and spark plasma sintering may be attempted.

5. Conclusions

Our main conclusions are as follows:

1. Introduction of CaO at the dispersion stage leads to
the formation of calcium hexaalmuinate in sintered alu-
mina-zirconia ceramics.

2. With increasing content of calcium hexaaluminate in
the composites, the relative density decreases to 91.8%,
and the porosity increases 77 times.

3. The crystal lattice parameters of the main phases in
the investigated materials were determined. Up to 12 wt.%
CaAli2019 the lattice parameters of t-ZrO. do not change,
and the degree of tetragonality is 1.435. For the material
with 15 wt.% CaAli2019, the degree of tetragonality de-
creases to 1.420. The lattice parameters of CaAl:20:9 de-
crease with increasing content.

4. Platelet size increases with increasing calcium hex-
aaluminate content. For materials containing up to 9 wt.%
CaAli201, the average length of the platelets is 2 um, the
width is 0.4 pm, and the aspect ratio is 5. For the material
with the maximum content of calcium hexaaluminate, the
average length of the platelets is 4.2 pm, the width is
0.6 pum, and the aspect ratio is 7.

5. Formation of 15 wt.% CaAl12019 in alumina-zirconia
ceramics increases the critical stress intensity factor by
34% compared with the composite without additives. The
deflection mechanism is initiated with calcium hexaalumi-
nate content of approximately 15 wt.%.
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