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Abstract

Mechanical properties, phase composition and micro-
structure of ceramics in the system Al2O3±ZrO2±
TiN (AZT) were studied on bending and indentation
in the range of 20±1400�C. Small Y2O3 amounts
added to stabilize ZrO2 were established to result in
higher strength of these materials at higher tem-
peratures (up to 1000�C). The oxidation of TiN at
700�C and above induces the degradation of strength
of AZT ceramics. Higher test temperatures lead to
the change of microstructure and phase composition
of an oxide layer and its resistance to indentation. At
1000 and 1200�C rutile and at 1400�C aluminum
titanate and Ti5O9 are formed on the AZT surface.
Titanium nitride present in AZT ceramics contributes
to an increase in their fracture toughness as com-
pared to the Al2O3±ZrO2 ones. # 1998 Published by
Elsevier Science Limited.

1 Introduction

The phase transformation in zirconia particles
added to alumina-based ceramics enhances their
mechanical properties enlarging the scope of their
application (see for example Refs 1±5). However the
strength and fracture toughness of such ceramics
decrease with temperature.6±8 They start to
undergo plastic deformation at 1000�C and above
due to grain-boundary sliding of second-phase par-
ticles by superplasticity mechanism.7,9,10 The addi-
tion of titanium nitride particles to alumina is
known to also improve the mechanical character-
istics and to greatly in¯uence the thermal stability
of this two-phase material.11

Advanced properties of an Al2O3±TiN composite
are associated with crack de¯ection and crack
pinning mechanisms due to the presence of second-

phase particles.8,11,12 However, the titanium nitride
oxidation at temperatures above 700�C can exert a
negative in¯uence on the strength of such materials
and restrict their high-temperature performance.13

Fine-dispersed TiN particles added to Al2O3±
ZrO2 ceramics and uniformly distributed in their
bulk contribute to higher strength at room and
elevated temperatures.14±16 However, the e�ect of
di�erent compositions of Al2O3±ZrO2±TiN cera-
mics on the variation of their properties over a
wide temperature range still remains insu�ciently
studied. It particularly refers to the investigation of
their phase composition and their toughening
mechanisms at di�erent temperatures.
The present work is devoted to the studies on

such mechanical properties as strength, hardness
and fracture toughness of ceramics in the system
Al2O3±ZrO2±TiN at various loading modes and
temperatures. For comparison similar investiga-
tions were performed for ceramics in the system
Al2O3±ZrO2.

2 Materials and Methods

The Al2O3±ZrO2±TiN ceramics (AZT) possess the
composition given in Table 1. As is seen in this
Table, the amount of a ZrO2 transformation
toughening additive is changed in parallel with that
of the Y2O3 stabilizing additive. The TiN content
was 23wt% providing an acceptable strength
value (see also Ref. 11). Comparative tests were
performed on the Al2O3±ZrO2 ceramics (AZ)
containing 30wt% ZrO2 (3mol% Y2O3)

14,17. The
materials were produced from �-Al2O3, monoclinic
(m) ZrO2, Y2O3, and TiN powders with particle
sizes of 2.5, 11.0, 10.0, and 5.5�m, respectively
(Laser Micron Sizer). The powders were mixed at a
given ratio and ground in a ball mill to a particle
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size of 1.1�m. Then they were hot-pressed in BN-
lined graphite moulds at temperature of 1600�C
and pressure of 25MPa for 1 h. The specimens
were of dark-golden colour for AZT and of dark-
grey colour for AZ.
Mechanical tests were carried out in several

stages. First, the bending strength (�f), maximum
strain at the moment of specimen fracture ("f), and
static elastic modulus (Est) were determined by a
procedure.18 Prismatic specimens with a
3.5� 5.0mm2 cross-section were loaded on three-
and four-point bending in air at 20±1000�C (sev-
eral specimens were heated up to 1400�C). In the
®rst case the test span was 20mm, in the second
case the inner and outer spans were 20 and 40mm,
respectively. Before bending tests the specimens
were kept in the furnace for 0.5 h at preset tem-
perature. The cross-head speed was 0.5mm minÿ1.
The values of mechanical characteristics were

calculated by known equations of appliedmechanics:

�f � 3fP

bh2
; "f � kh�

L2
; Est � d�

d"

� �
"!0

; �1�

where P is the load; � is the specimen de¯ection; f is
the cantilever part of the specimen; L is the span on
three-point bending (k=6) and the inner span on
four-point bending (k=4); b and h are the width
and height of the specimen, respectively. The value
of Est was estimated by the slope of the initial por-
tion of the load (P) versus de¯ection (�) curve at
the origin of co-ordinates.18

Fracture toughness (KIc) was measured on three-
point bending of the SENB specimens (notch width
&150�m). The calculations were performed by the
equation: KIc � �f�0�5Y, where (�) is the length of
the notch; Y � f ���=h�� is the geometric factor.19

The cross-head speed was 0.1mm minÿ1.
The second stage of mechanical tests included

the determination of hardness (H�) and fracture
toughness (Kc�) on the Vickers indentation. A part
of specimens after bending tests were polished with
diamond pastes and then indented. Hardness was
calculated by the equation: H� � 463�6P=a2, where
P is the load in N, a is the half-diagonal of the
indenter impression in �m.20 The equations for the
Kc� calculation are given below.
The microstructure of specimens before and after

high-temperature testing was studied by scanning

electron microscopy (SEM). The phase composi-
tion of ceramics was analyzed by X-ray di�raction
(XRD) (DRON-4M, Cu K� radiation).

3 Results and Discussion

3.1 Bending tests
The results of preliminary tests of AZT-1, AZT-2,
and AZT-3 specimens demonstrate [Fig. 1(a)] that
the amount of ZrO2 and Y2O3 in¯uences the
strength, �f, in the range of 20±1000�C. Di�erences
in �f values are also observed at room temperature
which is associated with a varying phase composi-
tion of zirconia (see also Ref. 14).
At higher temperatures the di�erences in

strength of the materials under study are growing.
Strength (�f) versus temperature (T) curves exhibit
a typical run over di�erent temperature ranges
[Fig. 1(a)]. It should be noted that the maximum
on the �f versus T curve is dependent on Y2O3

contents in ZrO2: it is shifted to higher tempera-
tures with a smaller amount of yttria. It can be
explained by the fact that a smaller amount of
Y2O3 results in the shift of temperature of the t!m
transition in ZrO2 to higher values.21 Thus, when
the test temperature coincides with the temperature
of martensite transformation in ZrO2, �f increases,
since higher temperature stabilizes a high-tempera-
ture tetragonal phase and the load applied induces
the t!m transformation, therefore the initiation of
t!m requires higher critical stresses.
To establish a temperature dependence of

strength in more detail, AZT-1 specimens were
chosen for four-point bending test, i.e. they were
under linear stress conditions unlike plane stress
ones occurring in the specimens on three-point
bending. The temperature dependencies [Fig. 1(b)]
of major mechanical characteristics of AZT-1,
namely �f, "f, and Est, can indirectly point to dif-
ferent toughening mechanisms appearing in such
material with temperature variations.
From the qualitative point of view, the KIc versus

T curve [Fig. 1(a)] practically repeats a similar
curve for �f. It can be explained by the shape of a
stress concentrator in the SENB specimens which is
a notch with a ®xed radius of curvature (�75�m)
at its tip as opposed to a `sharp' crack.22

The temperature range of testing can be divided
into several subranges within which di�erent
toughening mechanisms can exist.
At room temperature and temperatures close to

it mechanical properties (strength and fracture
toughness) of AZT-1 are most likely controlled by
several mechanisms: (i) stress-induced transforma-
tion toughening due to t-ZrO2 particles (also typical
of AZ ceramics); (ii) microcracking toughening,

Table 1. Chemical composition of an AZT mixture (wt%)

Material Al2O3 ZrO2 Y2O3 TiN

AZT-1 54.0 23.0 3.0a 23.0
AZT-2 62.0 15.0 2.5a 23.0
AZT-3 62.0 15.0 1.3a 23.0

amol% as ZrO2.
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since ceramics contained a small amount of mono-
clinic zirconia formed as a result of cooling of
ceramics after hot pressing, (iii) crack de¯ection
toughening associated with the distribution of
®nely dispersed TiN particles in the bulk of the
material.1,2,4,5,8,12,14

At 500±600�C one can observe strength
[Fig. 1(b)] and fracture toughness [Fig. 1(a)] max-
ima which can be related both to the transforma-
tion toughening (induced by stress and/or
temperature) and to the dispersion toughening.
With a further increase in temperature the e�ect of
transformation toughening in AZT-1 gradually
decreases, while relaxation processes are activated
which result in a lower Est value [Fig. 1(b)].8 At
900±1000�C load versus de¯ection curves begin
deviating from linearity, "f starts growing, an
inconsiderable local increase of �f takes place
[Fig. 1(b)]. It can be explained by reaching so-
called brittle-to-ductile transition temperature,
TBD, above which creep and subcritical crack
growth start noticeably activating.23,24 These pro-
cesses lead to a considerable strength loss of AZT-1

above 1000�C (not shown in Fig. 1) and its practi-
cal application becomes problematic. The mechan-
ism which can retard the deterioration of
mechanical properties of AZT-1 is most likely dis-
persion toughening. The TiN particles possess
rather high melting temperature (2950�C) which
allows to deviate or even arrest cracks in the
material, especially when this process occurs on
grain boundaries as a result of softening the
boundary phase at reaching or exceeding the tem-
perature TBD.

8,11,12,25 In AZ the degradation of
strength [Fig. 1(a)] starts increasing at compara-
tively low temperatures (800±850�C) because the
above toughening mechanism is absent.
Above 600±700�C titanium nitride starts oxidiz-

ing.11,13,26 With this the specimen surfaces are cov-
ered with a bright layer of titanium oxides the
thickness and colour of which increases and chan-
ges with test temperature and time the specimens
kept at preset temperature. Such layer contains a
great number of pores and other defects (see also
Refs 11, 26). Therefore lower strength of AZT-1
above 600�C can additionally be associated with

Fig. 1. Temperature dependences of mechanical characteristics of AZT on (a) three- and (b) four-point bending: *,&,~,^Ð
�f;
ÿÿKIc;�Ð"f;*ÐEst;^ÐAZ.

Mechanical properties of toughened Al2O3±ZrO2±TiN ceramics 383



the TiN oxidation. The strength of AZT-1 at room
temperature decreases after preannealing of speci-
mens at 1000±1400�C in air which could also be
associated both with the oxidation and with the
destroying of the transformation zone in the speci-
mens.8,27

The phase composition of AZT-1 surfaces at
di�erent temperatures is given in Fig. 2. At room
temperature they contained �-Al2O3, m-, t-, c-
ZrO2, and TiN. The c-ZrO2 is not shown in this
®gure because of its ill-pronounced X-ray re¯ec-
tions. As a result of oxidation, rutile, TiO2, was
formed at 1000�C. When temperature increases up
to 1200�C, its quantity on the specimen surface
increases considerably, at the same time the quan-
tity of titanium nitride decreases. It should be
noted that the oxidation at 1200�C results in a
thicker oxide layer, therefore the intensity of alu-
mina and zirconia maxima greatly decreases. At
1400�C rutile was not revealed, and as a result of
di�usion processes, titanium suboxide, Ti5O9, and
aluminum titanate, Al2TiO5, were formed. These
data are in good agreement with the fact that the
number of metal particles in an oxide layer increa-
ses with temperature and their transformation into
suboxides proceeds more rapidly.28 It is associated
with substitution of oxygen for nitrogen which

results in the release of metal into the surface layer.
The release of metal and nonmetal during titanium
nitride oxidation in AZT-1 determined by the for-
mation of vacancies in both sublattices of oxyni-
tride solid solutions exerts a considerable in¯uence
on mechanical characteristics of oxidized AZT-1
specimens.28

At 1200�C an oxide layer is tightly cohered with
the specimen surface. At 1400�C the thickness of
an oxide layer increased considerably, it consisted
of several sublayers having di�erent microstruc-
ture (Fig. 3). The relief of the oxide layer exhib-
ited quite developed (rough) fracture surface
which was not observed after tests of the speci-
mens at room temperature as well as at 1000�C
and 1200�C. The main crack which fractures the
specimens primarily propagated through this
layer in an intercrystallite mode with noticeable
branching and grain separation [Fig. 3(c) and
(d)]. The fracture in the centre of the specimen
cross-section was characterized by both the tran-
scrystallite and intercrystallite steps [Fig. 3(e)] as
observed at lower temperatures. Intensive gas evo-
lution gave rise to pores and micro¯aws on the
material-oxide layer interface, these cause the
separation of this layer from the composite in
several places [Fig. 3(f)].

Fig. 2. XRD results for AZT-1 (a) before and (b±d) after high-temperature tests:*Ð�-A12O3,&Ðm-ZrO2,*Ðt-ZrO2, ÐTiN,
ÐTi5O9, �ÐA12TiO5, ^ÐTiO2.
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3.2 Indentation tests

3.2.1 Hardness

Hardness, Hv, was studied at room temperature on
AZT-1 and AZ specimens both in the initial state
(after machining) and after testing at 1000, 1200,
and 1400�C.
AZT-1 as well as AZ in their initial state are

characterized by a descending Vickers hardness

(Hv) versus applied load (P) relationship (scattered
plot in Fig. 4). Such dependence is often observed
for other ceramic materials which can particularly
be explained by the extent of damage of the sur-
face layer on machining, by the formation of
cracks around indenter impressions, etc.20 The
values of Hv were 15±17GPa in the present work,
while higher values of 21±22GPa were cited in.16

It is noteworthy that the value of Hv does not

Fig. 3. SEM micrographs of the surfaces of an AZT-1 specimen tested at 1400�C: view of the part of a fracture surface (a); oxide
sublayers (b): main crack propagation through the ®rst (c) and second (d) sublayers and the centre of the specimen (e); separation of

an oxide layer from the basic material (f ).
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practically depend on the load applied (Fig. 4)
from the moment when ®rst cracks appear around
the impressions.
The e�ect of test temperature on room-tem-

perature hardness is of somewhat contradictory
nature. Thus, after tests at 1000�C the hardness
versus load plot for AZT-1 as well as for initial
specimens was descending [Fig. 4(b)]. For AZ this
dependence was rather ill-pronounced [Fig. 4(a)].
The tests at 1200 and 1400�C result in ascending
portions (Fig. 4) of the above plot at small loads
(less than 5N), these portions being more pro-
nounced for the specimens heated up to 1400�C.
Such e�ects on Hv can most likely be related to
the surface layer formed on oxidation of AZT-1
(Fig. 3) and AZ.17 A considerable scatter of
experimental values of Hv for AZT-1 can be asso-
ciated with higher oxidability of the material on
heating and, as a result, more extensive stress
corrosion, composition heterogeneity and nonuni-
formity in defect distributions. The oxidation of
titanium nitride and the formation of titanium-
containing oxide phases are accompanied by the
release of titanium and nitrogen from the titanium

nitride lattice and their di�usion into the oxide
layer. At relatively low temperatures (1000 and
1200�C) XRD demonstrates (Fig. 2) a lower
intensity of peaks of �-A12O3 lines which points
to a thicker rutile layer on the surface and to the
absence of di�usion or even inconsiderable di�u-
sion of A1(3+) atoms (ions) onto the surface. At
1400�C the A1(3+) di�usion is activated which
leads to the formation of ¯aky aluminum titanate
grains. These processes can determine the varia-
tion of phase composition and microstructure of
the oxide layer, and, thus, its microhardness.

3.2.2 Fracture toughness
The indentation tests of AZT-1 and AZ specimens
demonstrated that the load values at which radial
cracks appeared from the corners of the indenter
impressions were about 5N for both materials.
However, for AZT-1 such cracks from all the four
corners of Vickers impressions were observed
starting from a load of 50N. For AZ it was equal
to 11.5N. In other words, these preliminary data
are indicative of higher fracture toughness of AZT-
1 as compared to AZ.
To quantitatively evaluate the fracture tough-

ness, radial crack length (c) versus impression
half-diagonal (a) curves were plotted (Fig. 5). It
should be noted that the length of radial cracks
near the impressions was measured with the
account of their half-diagonals, as it is usually done
in practice, e.g.20 These relations for AZT-1 and
AZ are described by the following equations:

c � 0�42a1�42 �2�

c � 0�88a1�3 �3�

Fig. 4. Hardness (Hv) versus applied load (P) for (a) AZ and
(b) AZT-1 at room temperature after high-temperature tests.

Fig. 5. Length of radial cracks (c) versus applied load (P) for
AZ and AZT-1 ceramics at room temperature.
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The in¯uence of test temperature on the length of
such cracks was of rather contradictory nature
which was associated with the formation of an
oxide layer and its heterogeneity for di�erent spe-
cimens Therefore surface fracture toughness was
evaluated only on the specimens which were not
thermally treated. For this purpose known equa-
tions, e.g. (a)±(c) (Table 2) were ®rst used to deter-
mine the value of stress intensity factor, Kcv, on
Vickers indentation.
Kcv obtained from these equations exhibits rather

wide scatter of values (Fig. 6) The values of stress
intensity factor obtained by di�erent methods were

cited earlier, they are within 4.5±6.0MPa m0�5 on
the average.14,16 The bending of SENB specimens
gave KIc=5.58 and 3.83MPa m0�5 for AZT-1 and
AZ, respectively. The authors used an approach of
setting the accordance with stress intensity factor
values obtained by indentation and bending.31,32

For this purpose the calibration curves for AZT-1
and AZ were plotted being normalized fracture
toughness [(Kcv�/Hv a

0�5)(Hv/E�)
0�4] versus nor-

malized radial crack length (c/a) relations (Fig. 7).
These curves were obtained proceeding from
Kcv=KIc values determined by the SENB method.
The method of least squares was used to derive
equations (d) and (e) in Table 2 for evaluating the
fracture toughness of AZ and AZT-1, respectively.
The Kcv values calculated by these equations are
practically independent of the load and are in
good agreement with the KIc data (Fig. 6). The
di�erence in numerical coe�cients in the equations
derived and in eqns (a)±(c) (see Table 2) is most
likely associated with di�erent crack propagation
patterns in the ceramics under study as compared
to other materials for which eqns (a)±(c) were
obtained.
The results (Fig. 6) have demonstrated once

more that the TiN addition to A12O3±ZrO2 cer-
amics increases their fracture toughness.

Table 2. The equations for Kcv determining from Vickers indentationsa

Equation Crack type Reference

a. (0.129Hva
0:5/f)(Ef/Hv)

0�4(c/a)ÿ1�5 Median crack 29

b. (0.035Hva
0:5/f)(Ef/Hv)

0�4(c/a)ÿ0 �5 Radial (Palmqvist) crack 29

c. (0.142Hva
0:5/f)(Ef/Hv)

0�4(c/a)ÿ1�56 Median+radial (Palmqvist) crack (curve-®tting method) 30

d. (0.099Hva
0:5/f)(Ef/Hv)

0�4(c/a)ÿ1�48 Curve-®tting method Present work

e. (0.070Hva
0:5/f)(Ef/Hv)

0�4(c/a)ÿ1�11 Curve-®tting method Present work

aHv is the Vickers hardness; E is the elastic modulus; � is the constraint factor (�&3); P is the load on the indenter; a and c are as
shown in Fig. 5.

Fig. 6. Indentation fracture toughness (Kcv) versus applied
load (P) for (a) AZ and (b) AZT-1 ceramics at room tem-

perature.

Fig. 7. Normalized fracture toughness [(Kcv �/Hv a
0�5)(Hv/

E�)0�4)] versus normalized radial crack length (c/a) for AZ and
AZT-1 ceramics at room temperature.
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4 Conclusions

The results for A12O3-ZrO2-TiN composites can
lead to the following conclusions: (i) material con-
taining ZrO2 with a lower Y2O3 amount possesses
higher strength at higher temperatures; (ii) strength
degradation can additionally occur due to the TiN
oxidation above 700�C; (iii) higher test temperatures
cause a greater thickness of an oxide layer and var-
iation of its phase composition and colour (at 1000
and 1200�C it consists of titania as rutile, at 1400�C
aluminum titanate and Ti5O9 are formed); (iv)
hardness of an oxide layer depends on its micro-
structure and phase composition determined by
temperature conditions; (v) TiN addition to Al2O3±
ZrO2 ceramics increases their fracture toughness.
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