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Effect of grain size on thermal shock resistance of Al2O3–TiC ceramics

X.Q. Youa, T.Z. Sia, N. Liu a,∗, P.P. Rena, Y.D. Xua, J.P. Fengb

a Department of Materials Science and Engineering, Hefei University of Technology, Hefei 230009, PR China
b The Center of Mechanics Testing, University of Science and Technology of China, PR China

Received 24 November 2003; received in revised form 23 December 2003; accepted 22 February 2004
Available online 26 June 2004

Abstract

In this paper, thermal shock resistance of pure hot-pressed alumina and Al2O3–TiC composites was studied. In order to assess the influence
of Al2O3 and TiC starting powder size on thermal shock resistance, Al, Al2O3–TiC composites with different particle size were fabricated.
The addition of TiC into alumina matrix remarkably improves the mechanical properties and thermal shock resistance. Decreasing grain size
can improve the thermal shock resistance, and increase in density improves thermal shock resistance ever further. The critical thermal shock
temperature difference (�Tc) of Al2O3 (powder size 0.24�m)–TiC (powder size 0.32�m) composite is 100◦C higher than the�Tc of monolith.
© 2004 Elsevier Ltd and Techna S.r.l. All rights reserved.
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1. Introduction

Alumina ceramics, one of extensively utilised structural
ceramics, have great potential to be used in many special
applications where low density, high hardness, chemical in-
ertness and good high temperature properties are required
[1,2]. But alumina is a brittle material with poor fracture
toughness and thermal shock resistance. It has been known
for many years that the incorporation of a second phase par-
ticulate into a ceramic matrix can bring about improvement
on the mechanical properties of ceramics. The addition of
a secondary phase into a ceramic matrix has been indicated
to improve the resistance to crack initiation and propagation
in various ways[3–5]. TiC, a common hard alloy powder,
was extensively utilised in Al2O3–TiC [6] and TiC-based
cermets[7] cutting tools owing to their good comprehen-
sive properties such as high hardness, good chemical sta-
bility and excellent wear resistance, and improved the ther-
mal shock resistance due to the good physical and chemical
match between TiC and Al2O3. The addition of TiC into
Al2O3 matrix has been indicated to improve the flexural
strength, fracture toughness and thermal shock resistance, it
is attributed to suppression of cracks initiation and propaga-
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tion by the mechanisms of crack blunting, micro-cracks and
cracks deflection accompanied by TiC particle pulling-out.

The classic theory on the thermal shock resistance of brit-
tle ceramics was established by Hasselman[8,9]. In the the-
ory, some thermal shock resistance parameters (R, RIV , etc.)
were introduced to evaluate resistance of crack initiation and
propagation or strength degradation after a severe thermal
shock. It is well-known that rapid temperature changes (ther-
mal shock) can cause serious structural damage to ceramic
materials. Thermal shock of ceramics often yields an ther-
mal stress, which is, in some case, sufficient to cause consid-
erable cracking damage or even catastrophic failure. As for
Al2O3–TiC ceramic tool material, thermal shock-induced
crack is one of the main reasons for its fracture when ma-
chining at high speed[10].

The aim of the present work was to compare the ther-
mal shock resistance of Al2O3–TiC composites with varying
particle size with the monolith.

2. Experimental

2.1. Staring materials and sample preparation

The materials used in this study were hot-pressed sintered
monolith and Al2O3–TiC composites with an incorporation
of 30 wt.% TiC. Throughout this paper, A, A1–A3 refers
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Table 1
Materials studied and sintering temperature

Material Al2O3 TiC Sintering temperature (◦C)

Weight percent Powder size (�m) Weight percent Powder size (�m)

A 100 0.24 0 1650
A1 70 3.12 30 1.36 1750
A2 70 3.12 30 0.32 1700
A3 70 0.24 30 0.32 1650

to the series of alumina ceramics, starting powder size and
sintering temperature of are summarised inTable 1.

Powders of Al2O3, TiC were ultra-sonically dispersed for
1 h, and mixed thoroughly in proper mass proportions. The
mixing was done in a planetary ball mill (QM-1SP) for
2 h by agate balls. A ball to powder mass ratio is 7:1 and
the alcohol to powder mass ratio is 2:1. The mixture was
dried for 24 h and grinded, then placed in a graphite crucible
coated with BN, sintered at 1650–1750◦C, 30 MPa for 1 h in
a nitrogen atmosphere. The sintering temperatures for Al2O3
and Al2O3–TiC ceramics were chosen as the minimum to
give near-full density in each case (Table 1).

Rectangular bar specimens of size 30 mm×4 mm×3 mm
were used for all tests. The bars were ground with a diamond
wheel and polished using diamond pastes. The final diamond
lap had an abrasive particle of size 0.5�m before fracture
strength testing and the specimen edges were slightly bev-
elled on a 1200-grit emery paper to remove notches intro-
duced in the course of machining.

2.2. Characterisation techniques

The density and mechanical properties of all sintered ma-
terials are given inTable 2. The density of all sintered sam-
ples was measured by the Archimedes’ method. The volume
fraction of porosity (Vfp) present within the samples was
calculated from the relative density.

The hardness (H) and fracture toughness (KIC) at room
temperature were evaluated by the Vickers indentation tech-
nique. Five indents were made in a row at the middle of
each sample to obtain average values. The fracture tough-
ness was calculated by the indentation method according to
[11], seeEq. (1):

KIC = 0.203
(a

c

)−3/2
a1/2H (1)

Table 2
Relative density and mechanical properties of materials

Material Relative
density (%)

σf (MPa) HV (GPa) KIC (MPa m1/2)

A 97 419 17 3.42
A1 99.6 604 21.9 6.12
A2 99.8 695 21.7 6.48
A3 95.2 567 18.9 3.96

The characteristic dimensions of the impressed half-
diagonal (a) and the radial/median crack length (c) were
measured using an optical microscope.

X-ray diffraction for phase identification of monolith
and composites, the results show the phase of monolith is
�-Al2O3 and the phases of composites are�-Al2O3 and
TiC. The ground, polished, thermally etched and Au-coated
surface microstructure of samples were examined on the
XL30-ESEM scanning electron microscope (SEM) at an ac-
celerating voltage of 20 kV. The Au-coated fracture surfaces
were examined on LEO-1530VP field emission electron
microscope (FEEM).

2.3. Thermal shock experiments

Ground and polished rectangular bars for thermal shock
testing were heated to the desired temperatures and held for
30 min in a preheated furnace before quenching by drop-
ping into a bath of water at room temperature.�T, the tem-
perature differences for all ceramic materials were chosen
referring to literature[10,12,13]. The experiment tempera-
ture differences are 150, 200, 240, 250, 260, 300, 400 and
500◦C, respectively. Repetitive thermal shock temperature
differences are 100, 150, 200, 250, 300 and 400◦C, re-
spectively, and the number of cycles was five. The flexural
strength of the specimens before and after the water quench
was measured using a three-point bend test on a Shimadzu
DCS-5000 universal testing machine. The loading span was
24 mm, and the cross-head speed was 0.5 mm/min. The mean
strength for each of the conditions studied was obtained us-
ing six specimens.

3. Results and discussion

3.1. Microstructural features and mechanical properties

Table 2shows relative density and mechanical properties.
The flexural strength (σf ), fracture toughness (KIC) and hard-
ness (HV) of all composites is remarkably higher than mono-
lith alumina ceramic. It is well-recognised that the presence
of the TiC second phase in the composite can, to some ex-
tent, lead to crack deflection and divergence as well as the
internal stress induced by the thermal mismatch between TiC
and Al2O3, can blunt and arrest micro-crack.Fig. 1 shows
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Fig. 1. Fracture surface micrographs of all materials: (a) A, (b) A1, (c) A2, (d) A3.

fractographs of all materials, in that the alumina shows the
appearance of the nearly completely intergranular fracture
and flat fracture surface, whereas all composites show a de-
gree of transgranular fracture and accompanying TiC parti-
cles pulling-out. The addition of TiC particles decreased the
Al2O3 grain size (seeFig. 2a and d). Therefore, the mechan-
ical properties of composites were improved.Fig. 2 shows
typical composite microstructure, white phase is TiC, Gary
phase is Al2O3. From A1 to A3, the grains were fined by
controlling starting powder size of TiC and Al2O3, there-
fore, the mechanical properties of A2 is higher than that
of A1. However, fine starting powder introduced difficulty
with the densification of A3 (relative density is 95.2%), so
its mechanical properties decreased.

3.2. Single thermal shock

According to the Hasselman’s theory, the residual strength
of material after water quenching is an important index of
the thermal shock resistance. Thermal stress fracture resis-
tance parameterR was introduced to estimate thermal stress
fracture resistance of materials:

�Tmax = R = σf
(1 − v)

Eα
(2)

where σf is the flexural strength,v is the Poisson ratio,
E is the Young modulus of elasticity,α is the coefficient
of thermal expansion. For severe thermal shocked ceramic
materials, critical temperature functionR introduce critical
thermal stressσc, so it is critical temperature difference
�Tc.

In the current study, specimens of the hot pressed com-
posites and monolith were subjected to a range of tem-
perature differentials by water quenching. The retained
flexural strength was then measured in the same way as in
Section 2.3. Fig. 3shows a plot of retained flexural strength
versus temperature difference (�T) for A, A1–A3. Fig. 3
also show a three-stage behaviour of flexural strength, it is
co-incidence with the Hasselman’s theory. The curve for
the monolith alumina is similar to that reported in the lit-
erature[14–16], indicating a critical temperature difference
(�Tc) of 200◦C and the characteristic sharp loss of flex-
ural strength at the point, followed by a gradual decrease
for further increasing.�Tc of A1–A3 is 260, 300, 250◦C,
respectively. All composites show appreciably greater�Tc
and residual strength after�Tc than monolith. The results
demonstrate that the addition of TiC in alumina modifies the
composites thermal and mechanical properties and, hence
improve the thermal shock behaviours.
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Fig. 2. BSE (back scattering electron) microstructure images of materials studied: (a) A, (b) A1, (c) A2, (d) A3.

In Section 3.1, the mechanical properties of all compos-
ites show a remarkable improvement, especially, the higher
σf andKIC inducted the thermal shock resistance improve-
ment of all composites. The TiC particles suppress crack
initiation and propagation, and change the monolith inter-
granular fracture to composites intergranular and transgran-
ular fracture, which make a contribution to improvement of
composite ceramics thermal shock resistance.

Fig. 3. The retained flexural strength (average) of all materials at various
thermal shock temperature difference for single thermal shock.

It is well-known, fined grains can improve mechanical
properties of materials. The grains of A2 is finer than that
of A1, so mechanical properties of A2 is higher, in which
case, the thermal shock resistance is outstanding. The grains
of A3 is finer that of A2, but its density is lowest so that its
mechanical properties and thermal resistance is the lowest
among A1–A3.

One of the most commonly used forms of equation de-
scribes the effect of porosity on mechanical properties as
[17,18]:

X = X0 exp(−bVf p) (3)

whereX is the mechanical property, Vfp is the volume
fraction of porosity,b is an empirical constant and the sub-
script 0 indicates zero porosity. FromEq. (3)can conclude
Eq. (4):

R = σ0 exp
(−bσVf p)(1 − v)

αE0 exp(−bEVf p)
(4)

where bσ , bE, respectively is empirical constant for the
strength and Young modulus of ceramic materials. Usually,
bE < bσ [19–21], so the higher the Vfp is, the lower theR
is, the thermal shock resistance of materials is poor.
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Fig. 4. The retained flexural strength (average) of all materials at various
thermal shock temperature difference for repeated thermal shocks.

3.3. Repeated thermal shocks

Ceramic materials inevitable contain some flaws in the
form of porosity, micro-cracks, impurity and so on. When
containing inherent flaws ceramics are subjected to severe

Fig. 5. Photomicrograph showing (a) crack deflection; (b) micro-crack
and crack pining of composites.

thermal shock, damage at tips of those preexisting flaws will
be generated and hence the strength is degraded. The change
in strength as a function of the cumulative number of thermal
shock cycles is presumably because of the accumulation and
coalescence of thermal-shock-induced micro-crack damage.
The thermal stress damage resistance parameterRIV was
calculated by:

RIV = K2
IC

σ2
f (1 − v)

(5)

Fig. 4 shows a plot of retained flexural strength versus
temperature difference on five cycles thermal shock for all
materials. It shows the�Tc of all four materials is similar
to single thermal shock, but the retained flexural strengths
are lower for all materials relative to single thermal shock.
At �T = 200◦C, the retained flexural strength of monolith
is 124 MPa, have a remarkable decrease; but that of A1–A3
composites is 466, 534, and 398 MPa, respectively, have a
minor decrease. The cumulative of thermal shock cycles in-
ducted thermal stress cumulative damage of materials, but
this is clearly shown inFig. 5, incorporation of TiC parti-
cles into alumina matrix can bring about crack deflection,
micro-cracks and pinning, etc. which improve theKIC and
the thermal shock damage resistance of the composites.

4. Conclusions

From the results mentioned above, the following conclu-
sions may be shown:

1. The addition of TiC into alumina matrix remarkably
improves the mechanical properties and thermal shock
resistance.

2. Fined grains also can improve the mechanical proper-
ties and thermal shock resistance of composites. But
the densification of materials is vitally important to
mechanical and thermal shock behaviour. The�Tc of
A2 composite is 100◦C higher than monolith by con-
trolling the TiC and Al2O3 starting powder size.

3. Repeated thermal shocks and single thermal shock of
all materials shows similar results, the critical thermal
shock temperature difference (�Tc) is ranked: A2>

A1 > A3 > A.
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