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Abstract
Alumina-toughened calcia-stabilized tetragonal zirconia ceramics are produced using baddeleyite as raw material. A 3 wt.% 
CaO-ZrO2/Al2O3 ceramic containing 15 wt.%  Al2O3 is characterized by sufficiently high mechanical properties: a hardness 
of 12.6 GPa, Young’s modulus of 248 GPa and fracture toughness of 10.3 MPa⋅m0.5. The hardness and Young’s modulus 
of this ceramic exceed those of alumina-free 3 wt.% CaO-ZrO2 ceramic by about 8.6% and 9.3%, respectively. However, 
fracture toughness of the prepared composite ceramic is lower than that of 3 wt.% CaO-ZrO2 ceramic by about 13.7%. It is 
revealed that in the fabricated 3 wt.% CaO-ZrO2/Al2O3 ceramic in the range of used  Al2O3 concentrations transformation 
toughening prevails over residual stress toughening and crack deflection toughening.

Keywords Zirconia ceramic · Baddeleyite · Alumina · High-energy milling · Phase composition · Mechanical properties

1 Introduction

Alumina-toughened zirconia (ATZ) ceramics are composite 
ceramics for structural applications exhibiting a combination 
of high fracture toughness due to zirconia component and 
high strength, hardness, corrosion and wear resistance due to 
alumina component [1–3]. The hardness and fracture tough-
ness of such composite ceramics are higher than those of 
alumina, silicon nitride, and silicon carbide ones [4, 5]. ATZ 
ceramics typically consist of alumina particles dispersed in 
a tetragonal zirconia polycrystalline (TZP) matrix. Alumina 
is aluminium oxide in the α-Al2O3 phase.

Pure zirconia exhibits three allotropic forms: monoclinic 
(m-ZrO2), tetragonal (t-ZrO2) and cubic (c-ZrO2) [6]. The 
m-ZrO2 phase exists below 1170 °C. The t-ZrO2 phase is 
stable in the temperature range of 1170–2370 °C and then 
transforms into the c-ZrO2 phase. Upon cooling, the trans-
formation of t-ZrO2 into m-ZrO2 is accompanied by a sig-
nificant increase in volume (approximately 4.5%), which 

leads to cracking of pure  ZrO2 ceramics [6]. To prevent 
t-ZrO2 → m-ZrO2 phase transition, zirconia is doped with 
some oxides  (Y2O3,  CeO2, CaO, and etc.) to stabilize t-ZrO2 
at temperatures below 1170 °C [6].

Typically, stabilized zirconia ceramics are manufactured 
from powders chemically prepared from precursors of zir-
conia and stabilizing agent [7, 8]. Chemical approaches are 
also used to fabricate zirconia nanopowders and for other 
applications, in particular, to produce thin dielectric films 
[9], optical sensors [10], catalysts [11], adsorbents for the 
removal of various water contaminants [12], and etc.

Baddeleyite is a zirconia mineral containing m-ZrO2, but 
chemical ways of stabilizing are not efficient for baddeleyite. 
In [13], wet high-energy milling was successfully applied to 
baddeleyite to prepare CaO-stabilized  ZrO2 nanopowders, 
which were used to produce both macroporous and dense 
spherical zirconia ceramics by the spherification method [14, 
15]. In [16], the CaO-stabilized  ZrO2 nanopowder obtained 
in this way was also used to manufacture calcia-stabilized 
TZP (Ca-TZP) ceramic by uniaxial pressing and sintering 
at 1300 °C with good mechanical properties: a hardness of 
about 11.5 GPa, fracture toughness of about 12 MPa⋅m0.5 
and Young’s modulus of about 230 GPa.

Well known and commercially used yttria-stabilized 
TZP (Y-TZP) ceramics have low resistance to hydrothermal 
degradation and thus are not intended for prolonged use in 
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humid environment. Hydrothermal degradation causes a 
spontaneous t-ZrO2 → m-ZrO2 phase transition, which leads 
to cracking and destruction of zirconia ceramics [17]. As 
an alternative to Y-TZP ceramics ceria-stabilized TZP (Ce-
TZP) ceramics are considered [3]. Due to the tetravalent 
character of cerium, zirconia can be stabilized without gen-
erating oxygen vacancies, which facilitate the diffusion of 
water species into the crystalline lattice of zirconia grains. 
However, Ce-TZP ceramics have lower fracture strength than 
Y-TZP ones (500 MPa vs. 1000 MPa), which is partly related 
to larger grain size (~ 2 μm compared to ~ 0.3 μm for Y-TZP 
ceramics) [18].

In [19], it was reported that Ca-TZP ceramics are more 
resistant to hydrothermal degradation compared to Y-TZP 
ceramics due to smaller grain size. Thus, Ca-TZP ceram-
ics with competitive mechanical properties may be consid-
ered as a suitable replacement in biomedical applications 
for Y-TZP ceramics, which typically have a hardness of 
12–13 GPa, Young’s modulus of about 210 GPa and frac-
ture toughness of 7–10 MPa⋅m0.5 [20]. Additionally, CaO is 
much cheaper than  Y2O3 and  CeO2, and Ca-TZP ceramics 
require lower sintering temperatures compared to Y-TZP and 
Ce-TZP ones [21, 22].

In [23], it was observed that ATZ ceramics with Y-TZP 
matrix are not only less susceptible to hydrothermal aging, 
but even exhibit an increasing strength during ageing, pre-
sumably due to compressive stresses caused by phase trans-
formation, compared to monolithic Y-TZP ceramics.

This study is aimed to obtaining alumina-toughened Ca-
TZP ceramic made of baddeleyite with sufficient mechanical 
characteristics.

2  Materials and methods

We used γ-Al2O3 nanopowder (20  nm, Sigma-Aldrich, 
USA), CaO powder (Sigma-Aldrich, USA) and baddeleyite 
concentrate powder with zirconia content of 99.3% (5 μm, 
Kovdorsky mining and processing plant, Russia). The wet 
high-energy co-milling was carried out on a Pulverisette 7 
Premium Line planetary mill (Fritsch, Germany) in the same 
way as described in [13]. The obtained composite powders 
contained 0–15 wt.%  Al2O3. In all the prepared powders 
the content of CaO was the same and equaled 3 wt% with 
respect to the CaO-ZrO2 mixture. The average size of zir-
conia nanoparticles in the obtained powders was estimated 
from the X-ray diffraction (XRD) pattern according to the 
Scherrer equation and was about 20 nm.

The prepared powders were uniaxially pressed under 
560 MPa into pellets of a 10 mm diameter and a 2 mm thick-
ness. The obtained pellets were sintered at 1300 °C for 4 h 
in air atmosphere in a muffle furnace in the same way as in 
[16].

The crystalline phases were determined with the help 
of an X-ray diffractometer D2 Phaser (Bruker AXS, 
Germany). The data were registered over a 2θ range of 
20–80°. The obtained XRD patterns were interpreted using 
the PDF-2 Diffraction Database File compiled by the Inter-
national Centre for Diffraction. Phase content was calcu-
lated from the XRD patterns by the Rietveld method in the 
TOPAS software (Bruker AXS, Germany).

The elemental composition of ceramics and the spatial 
distribution of elements in ceramics were analyzed by an 
energy-dispersive X-ray spectroscopy (EDS) on an INCA 
Energy 350X-Max 80 spectrometer (Oxford Instruments, 
UK).

The hardness (HV) of ceramics was measured automati-
cally by the Vickers indentation method on a Duramin 
A300 hardness tester (Struers, Denmark) at a loading force 
of 19.62 N and loading time of 15 s, respectively, using 
Eq. (1).

where F is the loading force, d1 and d2 are the two diagonal 
lines of the indentation.

The fracture toughness of ceramics was also measured 
by the Vickers indentation method using a Duramin A300 
hardness tester (Struers, Denmark) at a loading force of 
294.3 N. Equation (2) was used to calculate the indentation 
fracture toughness of ceramics [24].

where F is the loading force, HV is the Vickers hardness, E 
is Young’s modulus and C is the crack length, which is the 
distance between the indentation center and the crack tip. 
The crack length was determined using an Axio Observer.
A1m optical microscope (Carl Zeiss, Germany) equipped 
with an image capture system.

The Young’s modulus of ceramics was measured on a 
nanoindentometer G200 (MTS Nano Instruments, USA) 
using a Berkovich diamond indenter and calculated from 
the load-penetration depth curves obtained under peak 
load of 5 N using the Oliver–Pharr method [25].

All the samples were polished with diamond-containing 
slurries prior to the tests.

The Vickers hardness (HV) and Young’s modulus (E) of 
ceramics are the average of ten effective measurements. 
The indentation fracture toughness (KC) of ceramics is the 
average of five effective measurements.

All measurements were carried out at room temperature.
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3  Results and discussion

Figure 1a, b show the hardness and Young’s modulus of 
3wt.% CaO-ZrO2/Al2O3 ceramic as a function of  Al2O3 con-
tent. It is revealed that the hardness and Young’s modulus 

of a composite ceramic increase linearly with the rise in 
 Al2O3 content. If an alumina-free calcia-stabilized zirco-
nia ceramic is characterized by the hardness of 11.6 GPa 
and Young’s modulus of 227 GPa, then for the composite 
ceramic containing 15 wt.%  Al2O3 they are 12.6 GPa and 
248 GPa, respectively.

The observed behavior of the hardness and Young’s mod-
ulus of 3wt.% CaO-ZrO2/Al2O3 ceramic obeys the linear 
rule of mixtures, which is typical for alumina-toughened 
zirconia and zirconia-toughened alumina ceramics [26, 27]. 
The hardness and Young’s modulus of monolithic alumina 
ceramic reach 22 GPa and 380 GPa, respectively, which 
is much higher than those of stabilized zirconia ceramics 
[20]. Therefore, it explains the increase in the hardness and 
Young’s modulus of 3wt.% CaO-ZrO2/Al2O3 composite 
ceramic with increasing  Al2O3 content.

Figure 1c shows fracture toughness of 3wt.% CaO-ZrO2/
Al2O3 ceramic as a function of  Al2O3 content. The fracture 
toughness decreases from 11.9 to 10.3 MPa⋅m0.5 with an 
increase in  Al2O3 content from 0 to 15 wt.%. A possible rea-
son for the decrease in fracture toughness is discussed below.

The fabricated alumina-toughened calcia-stabilized 
tetragonal zirconia ceramic with hardness of 12.6 GPa, 
Young’s modulus of 248 GPa and fracture toughness of 
10.3 MPa⋅m0.5 is competitive with ATZ ceramics previously 
fabricated at higher sintering temperatures using commercial 
powders and traditional stabilizer such as  Y2O3 and  CeO2. In 
[26], ATZ ceramic produced from nanopowders of 3 mol% 
 Y2O3 stabilized  ZrO2 and  Al2O3 by cold isostatic pressing 
followed by sintering at 1550 °C had hardness of 13.2 GPa, 
Young’s modulus of 239 GPa and fracture toughness of 
9.3 MPa⋅m0.5. In [28], ATZ ceramic produced from submi-
cron powders of 3 mol%  Y2O3 stabilized  ZrO2 and  Al2O3 
by uniaxial pressing followed by sintering at 1550 °C was 
characterized by hardness of 12.5 GPa and fracture tough-
ness of 6.7 MPa⋅m0.5. In [29], powder based on  ZrO2 nano-
particles, doubly doped with  CeO2 and  Y2O3 and reinforced 
with  Al2O3 nanoparticles, was uniaxially pressed and sin-
tered at 1500 °C to produce ATZ ceramic with hardness of 
13.9 GPa, Young’s modulus of 228 GPa and fracture tough-
ness of 11.3 MPa⋅m0.5. The authors of [30] reported on ATZ 
ceramic with hardness of 12.4 GPa and fracture toughness of 
12.5 MPa⋅m0.5 made of fine powders of m-ZrO2,  Al2O3 and 
 CeO2 uniaxially pressed and sintered at 1600 °C.

The EDS analysis of the fabricated composite ceramic 
revealed that the material contains only zirconium, alumin-
ium, calcium and oxygen in detectable amounts (Fig. 2a). 
No segregated regions of zirconium and aluminium were 
detected by means of EDS mapping (Fig. 2b, c), which 
allows one to conclude that  Al2O3 is uniformly distributed 
in the  ZrO2 matrix.

Figure 3 presents the XRD patterns registered for 3wt.% 
CaO-ZrO2/Al2O3 ceramics with various  Al2O3 contents. It 

Fig. 1  The mechanical characteristics of 3wt.% CaO-ZrO2/Al2O3 
ceramic with different  Al2O3 content: hardness (a), Young’s modulus 
(b) and fracture toughness (c)
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can be seen that regardless of  Al2O3 concentration in the 
range of 0–15 wt.% the composite ceramic contains only 
characteristic peaks of t-ZrO2 located at 30.2°, 34.6°, 35.2°, 
50.2°, 50.7°, 59.3°, and 60.2°. This indicates that we are 
dealing with composite ceramic with a TZP matrix. The 
absence of alumina reflections in the XRD patterns can 
probably be explained by the significantly higher inten-
sity of the t-ZrO2 peaks or the much smaller grain size of 
α-Al2O3 compared to t-ZrO2. The main characteristic peaks 

of α-Al2O3 are located near 25.6°, 35.1°, 43.4°, and 57.5°. 
It should be noted that at temperatures above 1100 °C alu-
minium oxide can exist only in the α-Al2O3 phase [31]. We 
believe that aluminium oxide doesn’t dissolve significantly 
in Ca-TZP to form a solid solution, since there is no notice-
able shift of diffraction peaks, as was observed in [32] due to 
formation a solid solution of  Nb2O5 in Y-TZP. In [33], it was 
reported that aluminium oxide was dissolved only up to 0.18 
wt.% in Y-TZP at 1400 °C. The XRD spectrum of 10 wt.% 
 Al2O3-ZrO2 ceramic (Fig. 4) confirms that aluminium oxide 
is not a stabilizer, since the obtained calcia-free zirconia 
ceramic contains mainly m-ZrO2 with a fraction of t-ZrO2 
less than 5%. The Scherrer equation was applied to the 
most intense peak of t-ZrO2 at 30.2° to estimate the average 

Fig. 2  The results of EDS analysis of 3wt.% CaO-ZrO2/Al2O3 
ceramic containing 15 wt.%  Al2O3 (a); EDS mapping of Zr and Al 
in a 3wt.% CaO-ZrO2/Al2O3 ceramic containing 15 wt.%  Al2O3 (b, c)

Fig. 3  The XRD patterns of 3wt.% CaO-ZrO2/Al2O3 ceramic with 
different  Al2O3 content

Fig. 4  The XRD patterns of zirconia ceramics stabilized by CaO and 
 Al2O3
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t-ZrO2 grain size in a 3 wt.% CaO-ZrO2/Al2O3 ceramic with 
different  Al2O3 content (Table 1).

According to Table  1 the average t-ZrO2 grain size 
decreases from 78 to 69 nm as alumina content increases 
from 0 to 15% in the fabricated ATZ ceramic. A decrease in 
the average zirconia grain size accompanied by an increase 
in the content of alumina in the composite ceramic is prob-
ably a manifestation of the pinning effect, when fine parti-
cles dispersed in the matrix prevent the movement of grain 
boundaries through a polycrystalline material by exerting a 
pinning pressure which counteracts the driving force push-
ing the boundaries [27]. In our case, alumina grains dis-
tributed over the entire zirconia matrix and predominantly 
located at triple junctions [4] limit the growth of matrix 
grains. Obviously, the higher the inclusions content is, the 
more it affects the growth of matrix grains.

It should be noted that the observed increase in the hard-
ness of 3 wt.% CaO-ZrO2/Al2O3 ceramic accompanied by a 
decrease in the average t-ZrO2 grain size cannot be explained 
within the framework of the Hall–Petch theory, according to 
which the hardness (or strength) of a polycrystalline material 
increases with the decrease in its grain size:

where H is the measured hardness, H0 is the intrinsic hard-
ness related to the resistance of lattice to dislocation motion, 
k is a constant specific for each material also known as the 
Hall–Petch parameter, and D is the average grain size.

The observed dependence of the hardness of 3 wt.% CaO-
ZrO2/Al2O3 ceramic on the inversed square root of the aver-
age t-ZrO2 grain size (Fig. 5) is not linear as required by the 
Hall–Petch relationship (3).

The Hall–Petch effect was observed on the hardness of 
submicro- and nanograined Y-TZP ceramics sintered at dif-
ferent temperatures [34], where t-ZrO2 grain growth was 
stimulated by increasing the sintering temperature.

It was found that phase composition of 2 wt.% CaO-
ZrO2/Al2O3 ceramic depends on  Al2O3 content in con-
trast to 3 wt.% CaO-ZrO2/Al2O3 ceramic. If alumina-free 
2 wt.% CaO-ZrO2 ceramic consists only of t-ZrO2 grains, 
then the rise in  Al2O3 content leads to a reduction of t-ZrO2 
content and an increase in m-ZrO2 content (Fig. 6). The 

(3)H = H
0
+ kD

−0.5

characteristic peaks of m-ZrO2 appear in the XRD patterns, 
the intensity of which increases with increasing  Al2O3 con-
tent. An increase in  Al2O3 concentration from 0 to 10 wt.% 
leads to an increase in m-ZrO2 content from 0 to 93%. In 
[16], the authors reported that 1 wt.% CaO-ZrO2 ceramic 
sintered at 1300 °C contained more than 90% m-ZrO2. This 
allows us to conclude that part of CaO (up to about 1 wt.%) 
reacts with  Al2O3 during ceramic sintering to form calcium 
aluminates [35], which leads to a decrease in the content 
of the stabilizing agent. This results in the appearance of 
m-ZrO2 in a 2 wt.% CaO-ZrO2/Al2O3 ceramic.

The decreasing tendency of fracture toughness of 3 wt.% 
CaO-ZrO2/Al2O3 ceramic with an increase in  Al2O3 con-
tent shown in Fig. 1c is closely related to the fraction of 

Table 1  The average t-ZrO2 
grain size in a 3 wt.% CaO-
ZrO2/Al2O3 ceramic with 
different  Al2O3 content

Al2O3 content, 
wt.%

Average 
t-ZrO2 grain 
size, nm

0 78
5 76
10 72
15 69

Fig. 5  The dependence of the hardness of 3 wt.% CaO-ZrO2/Al2O3 
ceramic with different  Al2O3 content on the inversed square root of 
the average t-ZrO2 grain size. The dots are connected by lines for 
clarity

Fig. 6  The XRD patterns of 2 wt.% CaO-ZrO2/Al2O3 ceramic with 
different  Al2O3 content
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the transformable t-ZrO2 phase. Indeed, the rise in  Al2O3 
concentration leads to a decrease in the content of t-ZrO2, 
which negatively affects transformation toughening. Trans-
formation toughening is activated by stresses at the tip of a 
propagating crack inducing t-ZrO2 → m-ZrO2 phase transi-
tion [36]. This is accompanied by a volume expansion of the 
zirconia grains, which prevents the crack propagation due to 
induced compressive stress. Stress-induced transformation 
is the most important toughening mechanism in stabilized 
zirconia ceramics [37].

In addition to a decrease in the amount of t-ZrO2, the 
grain size of t-ZrO2 also decreases with the rise in  Al2O3 
content (Table 1). For a given stabilizing agent concentra-
tion the ability of t-ZrO2 grains to perform phase transition 
reduces as t-ZrO2 grain size decreases [37]. The over-stabi-
lization effect makes the t-ZrO2 → m-ZrO2 phase transition 
impossible, when a crack is introduced. On the other hand, 
with an increase in the t-ZrO2 grain size, the probability of 
the t-ZrO2 → m-ZrO2 phase transition increases, which leads 
to an increase in fracture toughness. In [16], it was reported 
about Ca-TZP ceramic with the average t-ZrO2 grain size of 
93 nm and fracture toughness of 13.1 MPa⋅m0.5. However, it 
was found that the t-ZrO2 grain size cannot exceed 100 nm 
in Ca-TZP ceramics [38]. Further grain growth results in 
spontaneous t-ZrO2 → m-ZrO2 phase transition and ceramic 
destruction due to cracking.

Alumina grains present in a TZP matrix provide another 
toughening mechanism that generates residual stress due to 
the difference in thermal expansion coefficients of alumina 
and zirconia [39]. Thus, during crack propagation in two-
phase regions of ATZ ceramics higher fracture energy is 
required for the crack to continue propagating.

In addition, uniformly distributed hard alumina grains in 
a TZP matrix also provide crack deflection toughening, since 
the transgranular fracture energy of alumina grains is higher 
than the transgranular fracture energy of zirconia grains, as 
well as the intergranular fracture energy [39].

The role of residual stress toughening and crack deflec-
tion toughening in ATZ ceramics increases with increasing 
 Al2O3 content. However, the observed decrease in fracture 
toughness of 3 wt.% CaO-ZrO2/Al2O3 ceramic with the 
rise in  Al2O3 content indicates that in the fabricated ATZ 
ceramic in the range of used  Al2O3 concentrations transfor-
mation toughening prevails.

4  Conclusions

Alumina-toughened Ca-TZP ceramics are produced using 
baddeleyite as raw material. A 3 wt.% CaO-ZrO2/Al2O3 
ceramic containing 15 wt.%  Al2O3 is characterized by 
adequate mechanical properties, namely: hardness of 12.6 
GPa, Young’s modulus of 248 GPa and fracture toughness 

of 10.3 MPa⋅m0.5. The hardness and Young’s modulus of 
this ceramic exceed those of alumina-free 3 wt.% CaO-
ZrO2 ceramic by about 8.6% and 9.3%, respectively. How-
ever, fracture toughness of the prepared composite ceramic 
is lower than that of 3 wt.% CaO-ZrO2 ceramic by about 
13.7%. It is revealed that in the fabricated 3 wt.% CaO-ZrO2/
Al2O3 ceramic in the range of used  Al2O3 concentrations 
transformation toughening prevails over residual stress 
toughening and crack deflection toughening. Since alumina 
is not subject to hydrothermal aging, we suppose that alu-
mina-toughed Ca-TZP ceramic is more resistant to hydro-
thermal degradation than monolithic Ca-TZP ceramic, which 
is important for biomedical and some structural applications. 
The investigation of the effect of hydrothermal ageing on 
the mechanical characteristics of alumina-toughed Ca-TZP 
ceramic will be the aim of our further research.
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