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The effect of the phase added to ZrO2 ceramics on its mechanical properties, and in partcular on the fracture toughness, 
was examined using the example of Al2O3 - ZrO2 composite where ZrO2 was stabilized with 3 mol% of Y2O3. Composites of  
20% wt. Al2O3 - 80 wt.% ZrO2 with different size of corundum grain were made. Vickers indenter crack resistance tests 
showed an increase of 21% in the value of this parameter for the samples with Al2O3 grains of approx. 6.5 μm in comparison 
with pure ZrO2 ceramics. On the basis of literature data and microscopic observations, authors present a thesis that this 
increase is caused by two factors, i.e. the increase of the phase transition range (from tetragonal to monoclinic phase) 
accompanying crack propagation and the effect of large Al2O3 grains as bridges fastening the fracture surfaces.

Key words: ZrO2 ceramics stab. 3 mol. %Y2O3, ceramic additives with a large Young's modulus, Al2O3 grain sizes, fracture 
toughness, bending strength

          Wpływ sztywnych korundowych cząstek dodawanych do ceramiki ZrO2  
          stabilizowanej Y2O3 na jej właściwości mechaniczne
Wpływ fazy dodawanej do ceramiki ZrO2 na jej właściwości mechaniczne w tym głównie na jej odporność na pękanie zbadano na przy-
kładzie kompozytu Al2O3 – ZrO2 gdzie ZrO2 było stabilizowane 3% mol Y2O3. Wykonano kompozyty 20% wag. Al2O3 – 80% wag. ZrO2 

różniące się wielkością ziarna korundowego. Badania odporności na pękanie prowadzone metodą wgłębnika Vickersa wykazały wzrost 
wielkości tego parametru o 21% dla próbek z ziarnami Al2O3 o wielkości ok. 6,5 µm w porównaniu z czystą ceramiką ZrO2. Na podsta-
wie danych literaturowych oraz własnych obserwacji mikroskopowych postawiono tezę, że wzrost ten spowodowany jest przez dwa 
czynniki tj. zwiększenie się zakresu przemiany fazowej (z fazy tetragonalnej do jednoskośnej) towarzyszącej propagacji pęknięcia oraz 
działaniem dużych ziaren Al2O3 jako mostków spinających powstające powierzchnie przełamu.

Słowa kluczowe: ceramika ZrO2 stab. 3% mol. Y2O3, dodatki ceramiczne o dużym module Younga, wielkość ziaren Al2O3, odporność 
na pękanie, wytrzymałość na zginanie
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1. Introduction

In comparison with the most structural material such 
as steel, ceramic are characterised by lower density, 
significantly higher resistance to various corrosive factors, 
such as high temperature and abrasion. Ceramic elements 
can be used as cutting tools, crucibles for melting metals 
and glass, as tools for semiconductor production, catalyst 
carriers for removing pollutants from car exhausts, 
as parts for car engines, turbochargers, brake discs, etc. 
[1-2]. Ceramics are also used for biomedical purposes 
(prostheses) [3] as well as transparent ceramics for making 
laser bars, windows or lenses [4].

The main obstacle to the wide use of ceramics as a struc-
tural material is primarily its brittle fracture, which can 
cause unexpected destruction of the element made of the 
material resulting from the development of subcritical 
cracks caused by applied stress [5]. In order to increase 

the resistance to cracking, we can use additives e.g. in the 
form of metal particles [6], fibers [7], carbon nanotubes [8], 
graphene flakes [9-12] or ceramic particles with higher 
stiffness (larger Young's modulus) than the matrix [13-25]. 

The aim of the work was to obtain ZrO2 based composites 
with a high fracture toughness resulting from the introduction 
of the rigid ceramic particles (particles with high Young’s 
modulus) to the zirconia matrix (stabilized with 3 mol% Y2O3). 
To prezent the example of such particles, Al2O3 grains were 
selected and then added to the ZrO2 matrix (20% by weight 
which corresponds to a volume content of 28%). 

2. Work hypotheses and literature  
review

The following hypotheses will be proved in this work:
The overall fracture toughness KIc of zirconia based 
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composites with rigid ceramic particles can be expressed as:
 

KIc = K0 + ΔKIcT + ΔKIcD + ΔKIcB + ΔKIcO

where K0 is the inherent matrix toughness, i.e. the zir-
conia matrix without or with negligible transformation 
toughening, ΔKIcT is the transformation toughening con-
tribution, ΔKIcD is the toughening due to crack deflection 
caused mainly by the rigid ceramic particles, ΔKIcB is the 
toughening due to crack bridging and ΔKIcO is the toughe-
ning due to other mechanisms for example crack branching.

ZrO2 can be found in three polymorphic forms [26]. 
The stable polymorph at low temperatures has monoclinic 
structure. In the medium temperature range the tetragonal 
phase occurs. In the area of maximum to melting tempe-
ratures (2983 K), a stable phase of regular fluorite structur 
can be observed. The transformation of the tetragonal 
phase to monoclinic leeds to the appearence of cracks 
generated by the stress which is associated with volume 
expansion of 3 - 5%. It was found that annealing at high 
temperatures (1273-1773 K) in the presence of some oxi-
des to stabilize the tetragonal or regular ZrO2. The exam-
ples of the commonly used stabilizing oxides are: CaO, 
MgO, CeO2 or Y2O3 (the last one is the most often used). 
These oxides formed with ZrO2 solid solution, where 
in place of zirconium ions oxide cations are embedded. 
The addition of the oxides to ZrO2 lowers the temperatu-
re of polymorphic transformations, reduces the volume 
changes and blocks the transformation. The metastable 

phases: regular or tetragonal are obtained. The last one 
has very good mechanical properties, ie. high bending 
strength and fracture toughness [27-28] which originate 
from the stress-induced transformation of the tetragonal 
phase to monoclinic in the stress field of propagating 
cracks, a phenomenon known as transformation toughe-
ning (ΔKIcT in (1)).  

In this work 3 mol% Y2O3 stabilized tetragonal ZrO2 
(3Y-TZP) is proposed to be the ceramic matrix. In Tab. 1  
there are some values of fracture toughness KIc for  
3Y-TZP found in literature. In this case KIc = K0 + ΔKIcT0 
(where ΔKIcT0 means ΔKIcT in (1) for ZrO2 matrix).

KIc was determined using surface cracks made by Vic-
kers indentation. The values were obtained using different 
formulas. Value 2.5 MPam1/2 in [16] can be accepted as K0 
because only very small amount of monoclinic ZrO2 was 
revealed on the fracture surfaces (hence ΔKIcT0 ≈ 0). KIc 
in [20, 23, 31] was calculated by Niihara median (MED) 
and Palmqvist (PQ) equation. 

The values of KIc in Tab.1 in comparison with the value 
for steel, which is a very popular structural material (KIc ≈ 
40 MPam1/2 [32]), are several times smaller. In order to 
increase KIc of 3Y-TZP it is suggested to introduce rigid 
ceramic particles. It should induce several toughening 
mechanisms such as: crack deflection, branching or brid-
ging of crack surfaces and it can also increase the ΔKIcT 
share, which is shown later in the text. As result we can 
observe a significant increase in the fracture toughness 
of the composites. 

KIc  
(MPam1/2) 4.4 7.6 2.5 5 ± 0.5 (MED) 5.05 ± 0.03 (MED) 

5.97 ± 0.06 (PQ) 5.5 ± 0.2 (MED)

Ref. [11] [14] [16] [20] [23] [31]
Formula for  
calculation Anstis [29] Anstis [29] Anstis [29] Niihara [30] Niihara [30] Niihara [30]

Tab. 1. KIc for 3Y-TZP from literature.
Tab. 1. KIc dla 3Y-TZP na podstawie literatury.

Tab. 2. Some properties of ceramics added to 3Y-TZP. The properties of 3Y-TZP are presented for comparison. Data sources are given 
in square brackets.
Tab. 2. Niektóre właściwości faz ceramicznych dodawanych do 3Y-TZP. Dla porównania pokazano właściwości ceramiki 3Y-TZP.  
W nawiasach kwadratowych podane są źródła danych.

Material →

Properties ↓

ZrO2 
matrix Al2O3

SiC
[34]

TiC
[35]  WC TiB2

E (GPa) 205 ± 4 [31] 370 ± 14 [31] 410 450 700 [22] 560 [35]

α (10-6/°C) 10
(300 - 2000 K) [16]

8.6
(300 - 1800 K) [33] 4.0 8.5 5.2 [22]

5
 (300 - 800 K)

9 

 (950 - 2000 K)
[16]

ρ (g/cm3) 6.1 [26] 3.98 [33] 3.1 4.93 15.7 [18] 4.52 [35]
H (GPa) 13.8 [31] 15 [33] 28 28 26 [36] 26 [35]

where : E is a Young’s modulus, α is a coefficient of thermal expansion (CTE), ρ is a density and H is a Vickers hardness. 

(1)
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On the basis of literature data [13-25] some ceramic 
particles used for reinforcement of 3Y-TZP are shown 
in Tab. 2. 

All the ceramics added to 3Y-TZP have bigger E and H 
but smaller α than ZrO2. As a consequence the residual ther-
mal stresses are generated in composites during the process 
of cooling from sintering to room temperature [16, 21-25]. 
There are tensile in 3Y-TZP and compressive stresses 
in the added particles. For example, for the 30 vol.% TiB2 -  
70 vol.% ZrO2 composite [16], the tensile stress in the 
matrix was estimated to be 0.26 GPa. On the other hand, 
for composites 10 vol.% Al2O3 - 90 vol.% ZrO2 and  
10 vol.% WC - 90 vol.% ZrO2 [21] the maximum tensile 
stress in the matrix was 1.02 and 1.56 GPa respectively, 
and compressive stress in Al2O3 and WC respectively 0.66 
and 1.35 GPa. The calculations of residual tensile stress 
in the ZrO2 matrix (using the expression from [37]) gave the 
value of 0.44 GPa. In these calculations data for ZrO2 and 
Al2O3 from Tab. 2 but Poisson’s ratio equals 0.3 and 0.22 
respectively. The residual tensile stresses in 3Y-TZP en-
hance its transformability and therefore the transformation 
toughening (ΔKIcT in Eq.(1)). The influence of the residual 
stresses on transformation toughness could be explained 
in the following way: 

(2)

(3)

(4)

In the presence of tensile residual stress σr, the cri-
tical stress σcT required to initiate the stress-induced 
transformation  in the crack tip would be reduced to σcT

m  : 

σcT
m   = σcT −  σr  .

The reduction in critical stress would actually contri-
bute to the development of a larger transformation zone 
h according to the formula proposed in [38]:

h ~ (σcT
m  )-2 .

The increased transformation zone size enhances 
the transformation toughening contribution [39]:

ΔKIcT ~ h1/2 ~ (σcT
m  )-1.

Hence ΔKIcT is usually bigger than ΔKIcT0 for zirconia 
matrix.

The presence of secondary rigid particles in zirconia 
based composites causes crack deflection toughening 
mechanism which, for example, for 30 vol.% TiB2 content 
in [16]  increase the fracture toughness of about 15%. 
It could also cause crack bridging toughening because 
the grains of the additives (Tab. 3) are usually larger than 
the 3Y-TZP grains (0.3 - 0.5 µm [16]) and they are under 
the compressive strength in matrix. In this situation they 
could play a role of the bridges connecting the surfaces 
of the crack behind the head of the propagating crack. 
Tab. 3 presents the literature data of improvement of frac-
ture toughness for 3Y-TZP reinforced by introducing rigid 
particles of various ceramics.

In the case of the addition of Al2O3 [13-14], an in-
crease of fracture toughness was a function of the grain 
size. The data in Tab. 3 refer to the largest grain sizes 
used in [13-14]. Bending strength of the composites 
is usually not worse than for matrix ceramics. It is above  
1 GPa [16, 20-21, 23-25].

3. Experimental part

3.1. Preparation of samples
The starting materials in our experiments were: com-

mercial powder ZrO2 stab. 3 mol.% Y2O3 delivered by To-
soh labelled as TZ-3Y-E with a purity of about 99.9% and 
crystal sizes 40 nm and Sumitomo Al2O3 powders with a 
purity of 99.99% designated as AA-04 and AA-18 with 
different grain sizes was used as starting materials. A mi-
xture of powders in a proportion of 20 wt.% Al2O3 and 80 
wt.% ZrO2 as well as pure ZrO2 powder (for making the 
matrix) were placed in a planetary mill in a container of 
stabilized ZrO2 with balls with a diameter of 5 mm made 
from above material. The deionized water together with 
the plasticizer (Dolapix CE64) was added to the powder 
in an amount allowing to obtain a slurry with a content 
of 75% by weight of dry matter, and then stirred for 

Tab. 3. Relative improvement of fracture toughness ΔKIc of 3Y-
-TZP as a result of the introduction of the rigid particles (based 
on literature).
Tab. 3. Wzrost odporności na pękanie ΔKIc ceramiki 3Y-TZP 
wskutek wprowadzania do niej cząstek metalicznych (na podsta-
wie literatury).

Particle 
mate-

rial
Content 
(vol.%)

Grain size 
of  

additives 
(µm)

ΔKIc 
(%) remarks Ref.

Al2O3 30 6.5 30 [13]

Al2O3 20 3.0 64 [14]

Al2O3 10 - 20 [21] 

SiC 5 0.15 11 [24]

TiC 20 1.84 17 [25]

WC 30 0.13 ± 0.05 46 * [17]

WC 20 2.0 26 * [18]

WC 20 1.6 ± 0.6 104 * [19]

WC 10 0.13 ± 0.6 111 * [19]

WC 10 1.82 30 [20]

WC 10 0.12 70 [20]

WC 10 - 60 [21]

WC 32 1.49 43 [23]

TiB2 20 1.5 – 2.0 23 [15]

TiB2 30 1.5 – 2.0 76 [16]

Where: ΔKIc (%) = ΔKIc/(ΔKIcT0), * - ZrO2 in these articles was sta-
bilized by 2.8% Y2O3.
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one hour at a speed of 150 rpm. After adding the binder 
(Duramax B1000) the suspension was stirred for 30 min 
at 100 rpm. The granules prepared in this way were made 
using cryogenic granulation method. 65 × 40 × 8 mm 
shaped moldings were pressed from the granulates, which 
were densified with isostatic pressure of 120 MPa. The mol-
dings were sintered in two stages: initially at 800ºC, then 
at 1480ºC for 2 h (in air). The sintered bodies were cut and 
ground into beams for measuring mechanical properties. 
Part of the beams was polished unilaterally.

3.2. Tests of mechanical properties
The aim of our work was to measure fracture tough-

ness KIc, bending strength σc, Young’s modulus E and 
Vickers hardness H were measured. KIc measurements 
were carried out using three methods:

(a) By three-point bending of notched beams:
The measurements were carried out on 2.5 mm × 4 mm × 

30 mm beams. The beams were cut in the middle (along 
the side of a length of 4 mm) to a depth of 0.9 mm using 
a circular saw with a thickness of 0.2 mm, and then 
to a depth of 0.2 mm with a disk thickness of 0.025 mm. 
The distance of the L supports was 20 mm. The samples 
were loaded with a crosshead displacement speed of 1 mm/
min. The KIc value was calculated from the formula:

KIc = Y− ck
0.5 ,

 
where: Y - geometrical constant calculated according to [40], 
Pc - breaking load, b = 2.5 mm - beam width, w = 4 mm - 
beam height, ck - notch length (about 1.1 mm)

(b) By measuring the bending strength of the sample with 
the previously introduced Vickers fracture.

The measurements were carried out on samples with 
the dimensions described in paragraph (a) with a polished 
surface of 4 mm × 30 mm. In the centre of the polished 
surface of the sample, a Vickers indent was made under 
the load of P = 98.1 N, so that one pair of cracks running 
from the corners was perpendicular to the edge of the sam-
ple. Four-point bending strength test was then performed 
with a crosshead displacement speed of 1 mm/min, placing 
the sample in such a way that the introduced crack was 
on the extended beam surface between the upper pressure 
rollers. The value of KIc was calculated from the following 
formula from [41]:

KIc = 0.59(E ⁄ H)1/8 (σcP1/3)3/4,
 

where: E - Young’s modulus, H - Vickers hardness, P = 
98.1 N - Vickers indenter load and σc - four-point bending 
strength calculated from formula (7):

σc = −,

where: Pc - breaking load, L = 20 mm - distance of lower 

1.5PcL
bw2 (5)

(6)

1.5Pc(L − l)
bw2

(7)

supports, l = 10 mm - distance of upper pressure rollers, 
b = 4 mm - width, w = 2.5 mm - beam height.
c) KIc determined on the basis of measuring the length 
of cracks running from the corners of the Vickers impression.

The value of c, averaged from the measurements 
of the length of four cracks running from the tops of  he in-
dent, is introduced into the appropriate formula given 
in the literature. The most popular are the formulas given 
in [29-30]. According to [29]:

 
KIc = 0.016 (E⁄H)0.5 P/c1.5

 
where: c - average length of Vickers cracks, the other 
parameters were defined earlier.

(8)

According to [30]:

 
where: a - half of the diagonal of a Vickers indent, φ = 3 [30]

KIc was determined by methods (a) and (b) as the ave-
rage for 10 beams, In turn for method (c) of 10 Vickers in-
dents measured on beams used subsequently in method (b).

Four-point bending strength σc was determined according 
to [42] with a crosshead displacement speed of 1 mm/min 
on samples with dimensions of 2 mm × 2.5 mm × 30 mm 
in the conditions described in point (b). The stretched sur-
face (2.5 mm × 30 mm) was polished. Strength values were 
calculated from the formula (7) where b = 2.5 mm and w = 
2 mm. The test was performed on 30 samples.

Young's E modulus was determined according to [43] 
by bending three-point beams with dimensions: 1 mm × 
4 mm × 50 mm with the support distance L = 40 mm by regi-
stering the deflection value of the sample as a function of the 
applied stress P. The deflection values were recorded using 
an inductive sensor placed in the deflection arrow of the be-
am. The load was applied at a constant speed of 1 mm/min 
to Pk <Pc. The test was carried out on 10 samples. The value 
of E was determined from the formula:

KIc = − (−)0.4
 (−)-1.50.129H√

   φ

−α Eφ
H

c
α

 
where: b = 4 mm, w = 1 mm, C = Δy/ΔP (the ratio of the 
increase in the deflection to the load increase)

All the measurements were made on the modernized 
Zwick 1446 machine supported by the testXpert III 
program.

Vickers indents were made on polished surfaces of the 
samples using a hardness tester equipped with a Vickers 
indenter. H values were calculated from the formula:

where: a – a half of the diagonal of Vickers' indent 

E = −
L3

4bw3C

(9)

(10)

H = 1,8544 P/(2a)2 (11)
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ZrO2

ZrO2+AA-04

ZrO2+AA-18

Fig. 1. Microstructure of ZrO2 samples and composites of 20% wt. Al2O3 - 80 wt.% ZrO2. AA-04 and AA-18 indicated the Al2O3 
powder types added to the ZrO2 matrix. The bright grains are ZrO2 and the dark ones are Al2O3.
Rys. 1. Mikrostruktura próbek tworzywa ZrO2 oraz kompozytów 20% wag. Al2O3 – 80% wag. ZrO2. AA-04 i AA-18 oznaczają 
rodzaje proszków Al2O3 dodane do matrycy ZrO2. Jasne pola oznaczają ZrO2, a ciemne Al2O3.

Table 4 presents the data characterizing the received 
materials.

Material
DAl2O3

(µm)
DZrO2

(µm)
d

(%)
ZrO2 - 0.41 ± 23 99.7

ZrO2 + AA-04 0.31 ± 0.18 0.32 ± 0.18 99.8
ZrO2 + AA-18 6.6 ± 4.1 0.21 ± 0.21 96.5

ZrO2 + AA-18 1600  6.4 ± 3.2 0.55 ± 0.42 98.0

Tab. 4. The size of grains D and relative density d of the obtained 
ceramic materials.
Tab. 4. Wielkości ziaren D oraz gęstości względne d otrzyma-
nych tworzyw ceramicznych.

3.3. Microscopic assessment of materials mi-
crostructure, fractures and cracks from Vickers 
indents

The microstructure of the samples was analysed 
on polished and etched sample surfaces. The samples 
were thermally etched at 1350°C in air for 0.5 h. Pho-
tographs of microstructures, notched bar cuts after KIc 
test (area close to the cutting face) and Vickers cracking 
were taken using the AURIGA CrossBeam Workstation 
scanning electron microscope (Carl Zeiss). The grain 
sizes were estimated using Feret's diameters by the 
Clemex Techn. Inc. image analysis program. The re-
sults were presented as mean and standard deviation, 
assuming that the grain sizes are normally distributed. 

4. Results and discussion

Pictures of selected microstructures are shown in Fig.1.
Due to the relatively low density of ZrO2 + AA-18, 

the additive samples were made from this composition, 
which were sintered at 1600°C for 2 hours.

In Table 5 the measured mechanical properties of the 
materials listed in Table 4 were collected, supplemented 
with ZrO2 + AA-18 sintered at 1600ºC and 2 composites 
of 20% wt.%. Al2O3 - 80 wt.% ZrO2 studied in other works.

Numbers in parentheses indicate the formulas from 
which KIc was calculated,

* Due to the lack of samples, this KIc composite was 
not determined by bending the notched or cracked beams 
introduced by the Vickers indenter nor as the bending 
strength or Young's modulus. The E value necessary 
to calculate KIc using formulas (8,9) was taken in the same 
way as for ZrO2 + AA-18.
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Material
KIc (MPam1/2) σc

(MPa)

E

(GPa)

H

(GPa)(5) (6) (8) (9)

ZrO2 5.45 ± 0.26 5.07 ± 0.08 3.73 ± 0.10 5.75 ± 0.16 888 ± 83 205 ± 4 13.8

ZrO2 + AA-04 5.22 ± 0.37 4.73 ± 0.03 3.72 ± 0.20 5.44 ± 0.29 801 ± 203 242 ± 5 15.0
ZrO2 + AA-18 5.26 ± 0.06 5.40 ± 0.09 4.11 ± 0.35 5.91 ± 0.50 517 ± 49 215 ± 6 11.6
ZrO2 + AA-18

1600 *
- - 4.52 ± 0.34 6.51 ± 0.49 - - 11.6

ZrO2 + TM-DAR

OPUS 11 **
5.17 ± 0.31 4.51 ± 0.07 3.65 ± 0.16 5.33 ± 0.23 - 246 ± 8 15.0

ZrO2 + Al2O3

Tosoh ***
5.46 ± 0.27 - 3.71 ± 0.18 - 1467 ± 262 235 ± 12 15.0

Tab. 5. Mechanical properties of ZrO2 matrix and composites 20 wt.% Al2O3 - 80 wt.% ZrO2.
Tab. 5. Właściwości mechaniczne matrycy ZrO2 stabilizowanej 3% mol Y2O3 oraz kompozytów 20% wag. Al2O3 - 80% wag. ZrO2.

** The composite was obtained while working on larger 
research project OPUS 11 No. 2016/21/B/ST8 /01027 
implemented on 21/04/2017 in a scientific consortium, 
of which ITME is a member, and Lublin University 
of Technology is a leader. The material contains 20 wt.% 
Taimei corundum ceramics designated as TAIMICRON 
TM-DAR (the starting powder had a purity of 99.99% and 
a grain size of about 0.15 μm) and ZrO2 stab. 3 mol% Y2O3 
from Tosoh. The grain sizes determined on the polished 
and etched ceramic surface were 0.25 ± 0.07 and 0.22 ± 
0.06 μm for Al2O3 and ZrO2, respectively.

*** Our study concerning the composite was conducted 
within the framework of ITME statutory theme in 2016. 
The results were published in [44]. The implementation 
required a ready-made powder mixture of 20 wt.% Al2O3 
and 80 wt.% ZrO2 stab. 3 mol% Y2O3 with a purity of 99.9%, 
a crystallite the size of approx. 29 nm and granules of 60 μm 
provided by Tosoh. The grain sizes determined on the 
polished and etched ceramic surface were 0.41 ± 0.23 and 
0.27 ± 0.17 μm for Al2O3 and ZrO2, respectively. The high 
value of σc results from the use of very small test specimens 
(with a cross-section of 0.95 mm × 1mm × 12 mm at the 
distance of support of 8 mm).

Due to the low relative density of the ZrO2 + AA-18 
material and thus its relatively high porosity, there was 
a marked degradation of its mechanical properties (except 
for KIc) compared to ZrO2 + AA-04. Sintering at a higher 
temperature (1600°C) improved the density and KIc of the 
composite with AA-18. The fracture toughness measured 
with the notched bar method calculated from (5) does not 
change as a function of the Al2O3 grain size, but it gets 
bigger for samples where the fracture was introduced 
by the Vickers indenter and when it was measured by the 
strength method and calculated from (6) and the cracks 
length was calculated from (8,9). Table 6 summarizes 

the values of KIc composites Al2O3 - ZrO2 calculated from 
formula (8) in the function of the size of introduced Al2O3 
grains (based on Tab. 4 and 5 and on the description under 
Tab. 5).

The increase in KIc for ZrO2 + AA-18 1600 compared 
to ZrO2 is around 21%. This result is similar to the one that 
obtained in [13], where the Al2O3 grain size was 6.5 μm 
and its volume content 30% and the increase in KIc by 30%. 
(in our case, the volume content of Al2O3 was 28%).

Fig. 2 shows the fracture surfaces of samples formed 
during the KIc study on notched beams.

It can be seen that cracks go through the grains of ZrO2 
and Al2O3. Photos of the cracks from the Vickers indents 
in Fig. 3 show that they pass through Al2O3 grains confir-
ming fracture observations in Fig. 2.

Tab. 6. KIc calculated according to the formula (8) as a function 
of Al2O3 grain size of the tested materials.
Tab. 6. KIc obliczane wg wzoru (8) w funkcji wielkości ziarna 
Al2O3 badanych materiałów.

Materiał
DAl2O3

(µm)  

KIc 

(MPam1/2)
ZrO2 0 3.73 ± 0.10

ZrO2  + TM-DAR

OPUS 11
0.25 ± 0.07 3.65 ± 0.16

ZrO2 + AA-04 0.31 ± 0.18 3.72 ± 0.20
ZrO2 + Al2O3 Tosoh 0.41 ± 0.23 3.71 ± 0.18

ZrO2 + AA-18 6.6 ± 4.1 4.11 ± 0.35
ZrO2 + AA-18

1600
6.4 ± 3.2 4.52 ± 0.34
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ZrO2

ZrO2+AA-18

ZrO2+AA-04

Fig. 2. Fracture surfaces of samples of ZrO2 matrix and composites of 20 wt.% Al2O3 - 80 wt.% ZrO2. AA-04 and AA-18 mean 
the Al2O3 powder types added to the ZrO2 matrix. The bright fields are ZrO2 and the dark ones are Al2O3.
Rys. 2. Przełamy próbek tworzywa ZrO2 oraz kompozytów 20% wag. Al2O3 – 80% wag. ZrO2. AA-04 i AA-18 oznaczają rodzaje 
proszków Al2O3 dodane do matrycy ZrO2. Jasne pola oznaczają ZrO2, a ciemne Al2O3.

Fig. 3. Cracks from the Vickers indents in samples of ZrO2 material and composites of 20 wt.% Al2O3 - 80 wt.% ZrO2. The bright 
fields are ZrO2 and the dark ones are Al2O3.
Rys. 3. Pęknięcia od odcisku Vickersa w próbkach tworzywa ZrO2 oraz kompozytów 20% wag. Al2O3 – 80% wag. ZrO2. Jasne pola 
oznaczają ZrO2, a ciemne Al2O3.

ZrO2
ZrO2+AA-04

ZrO2+AA-18
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The results presented in Tab. 5 and 6 and the mi-
croscopic observations in Fig. 2 and 3 are ambiguous. 
On the one hand, we can see the increase in the number 
of composites as a function of Al2O3 grain size (at least 
for measurements by the Vickers indenter method), but 
microscopic observations do not provide clear evidence 
of deflection of the propagating cracks by Al2O3 grains 
which could be a reason for strenghtening the crack 
resistance as it was suggested in [13,14]. The fracture 
toughness KIc of the composite can be described by Eq. (1). 

According to [16] K0 = 2.5 ± 0.1 MPam1/2 (calculated 
using Eq. (8) from the Vickers indents for P = 98.1 N), 
the basic component of the Eq.(1) is ΔKIcT. Therefore, KIc 
should decrease as different materials are added to the 
matrix. If this is not the case, it means that there is either 
an increase of ΔKIcT component in the matrix or another 
toughening mechanism. As indicated in [16,21] material 
with a coefficient of thermal expansion α smaller than 
the matrix added to ZrO2 matrix causes the appearance 
of local stresses during the cooling of the composite from 
sintering to room temperature: tensile stress in the matrix 
and compressive stress in the material being added. For 
Al2O3 α is smaller than for ZrO2 (Tab.2). In [21] in com-
posite 10 vol.% Al2O3 – 90 vol.% ZrO2 the maximum 
tensile stress estimated in the matrix was 1.02 GPa, and 
compressing stress in Al2O3 - 0.66 GPa. It was shown 
in part 2 (Eq. 2 - 4) that the addition of another phase to the 
matrix with smaller α increases the phase transformation 
contribution in strengthening the matrix KIc. There is still 
no answer to two questions:

1. why do we observe the growth of KIc (measured by 
the Vickers method) as a function of the grain size of Al2O3?

2. why do not we observe the above increase when 
using the notched bar method?

Ad. 1. As it can be seen in Fig. 1-3 in the ZrO2 + 
AA-18 composite there are large (reaching up to a dozen 
micrometers) Al2O3 grains surrounded by a matrix with 
submicron grains, which, according to previous conside-
rations, are subjected to compressive stress. These grains 
can act as bridges connecting the surfaces created in 
the cracking process. Under the influence of the tensile 
stress accompanying the propagation of the crack during 
the pressure of the Vickers indenter, these bridges get 
broken. The energy needed to destroy the bridges causes 
an increase in the share of ΔKIcB in the equation (1), and 
thus the KIc value for the composite with large Al2O3 
grains is also increased.

Ad. 2. The measurement procedure, which is the in-
troduction of a precracking by using the sawing method, 
has a significant influence on the results. The incision 
at the end has a width of about 25 μm. Propagation of the 
crack from the face of the incision initiated by the applied 
external tensile stress begins with a defect resulting from 
the cutting process. What is important in this process 
of a crack initiation is the situation in the immediate vicinity 
of defect. As mentioned earlier it is accompanied by phase 
transformation. In the case of the composite with AA-04, 

the fine corundum grains are distributed more densely 
and then the material near this defect can be considered 
a composite in which the increase of ΔKIcT (described be-
fore) compensates for a 20% weight loss of ZrO2. On the 
other hand, in the case of the composite with AA-18, large 
corundum grains are distributed less often and the material 
near this defect may be considered as ZrO2; KIc values are 
similar to the values obtained for pure ceramics. Therefore 
for the three cases considered pure ZrO2 and ZrO2 with 
additions of AA-04 and AA-18, the similar KIc values are 
obtained within the error limits (Tab. 5).

5. Summary

This work presents the results of our study on the me-
chanical properties, and in particular the fracture toughness 
KIc of ZrO2 ceramics stabilized with 3 mol% Y2O3 and com-
posites with 20 wt.% Al2O3 - 80 wt.% ZrO2. Two corundum 
powders of various grain sizes were used.  Four materials: 
pure ZrO2, composite with Al2O3 with grain size of approx. 
0.3 μm and 2 composites with Al2O3 with a grain size of ap-
prox. 6.5 μm sintered at 1480 and 1600°C were obtained. 
An increase in KIc by 21% compared to a ZrO2 matrix was 
found for a composite with a grain size of approx. 6.5 μm 
sintered at 1600°C. On the basis of literature data and our 
own microscopic observations, the thesis was made that this 
increase is caused by two factors: an increase in the phase 
transition range (from tetragonal to monoclinic phase) ac-
companying crack propagation as well as due to the operation 
of large Al2O3 grains asbridges fastening fracture surfaces.
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