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Abstract

α:β-SiAlON and 10, 17, and 25 wt% TiN particle reinforced composites were produced by a gas pressure sintering method. The densification
behavior, phase and microstructural evolution, mechanical and thermal shock behavior of materials were investigated. The TiN incorporation had
significant influence on the matrix microstructure and improved fracture toughness of the material. The highest fracture toughness was obtained
for the composite with 25 wt% TiN (K1c: 8.270.2 MPa m1/2). SiAlON–TiN composites showed lower crack formation and propagation
compared to the monolithic SiAlON. Above 700 1C passive oxidation took place and provided crack healing by filling the cracks with TiO2, and
the thermal shock resistance behavior was improved.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Silicon nitride based ceramics (Si3N4 and SiAlON) have
been regarded as one of the promising engineering ceramic
materials due to their high strength, hardness, corrosion and
wear resistance, and superior temperature properties [1–4].
However, commercial silicon nitride ceramics still posses
several inadequacies such as insufficient resistance to brittle
fracture, and inferior thermal shock resistance. An essential
improvement in the mechanical properties and thermal shock
resistance of the silicon nitride ceramics can be brought about
by the incorporation of a second phase into ceramic matrix
[5,6]. The addition of secondary phases can also improve the
resistance to crack initiation and propagation, rendering the
silicon nitride ceramics highly utilizable [7–9].

It is known that TiN particles dispersed within the Si3N4

matrix improve the fracture toughness of silicon nitride
[10–17]. In addition, TiN incorporation improves the chemical
resistance and electrical conductivity [18–22]. Considering the
potential applications of SiAlON based materials, studies on
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the effect of thermal cycling on the mechanical and thermal
properties are of paramount importance. However, in the
literature very few studies have been reported, especially on
the thermal shock properties of TiN reinforced silicon nitride
based ceramics [23]. As an example of a practical application,
SiAlON–TiN cutting tools are being employed extensively in
metal machining where the ceramic components are subjected
to rapid temperature changes for which the thermal shock
resistance is one the most important parameters of durability.
Therefore, it proves necessary to reveal the effects of the
amount of TiN incorporation in the ceramic matrix on the
thermal shock behavior.
Resistance to mechanical weakening or fracture under enduring

and repetitive sudden surface temperature changes is termed
thermal shock resistance. The thermal shock resistance of brittle
materials is governed by two groups of parameters which are
sf /Eα and k, where sf is the fracture strength, E is the elastic
modulus, α is the coefficient of linear expansion, and k is the
thermal conductivity. Thermal shock resistance increases with
increasing sf /Eα and k. Weibull's statistical theory introduced the
maximum risk of the rupture criterion for failure based on the fact
that the flaws that exist in any material prevent it from reaching
the potential strength in a strength test. Dispersion of flaws in
ghts reserved.
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length and density causes the often observed dispersion of test
results. The theory relates the stress in each infinitesimal element
to its contribution to risk of rupture, and the stresses tend to
amplify near the flaw tips increasing the risk of rupture [24].

In the worst-case model studied by Hasselman, that is, when
the whole body is under maximum stress, the critical tempera-
ture difference required for crack propagation goes through a
minimum with increasing crack length. There is a region of
crack instability bound by lower and upper initial crack
lengths, and it encompasses a wider range of initial crack
lengths as the temperature difference increases. After crack
initiation has started the rate of strain energy release exceeds
the surface fracture energy, and the excess energy appears as
the kinetic energy of the propagating crack. At a critical
temperature difference kinetic crack propagation starts, and the
crack length rapidly reaches its upper limit of instability with a
corresponding abrupt decrease in material strength. However,
the crack propagation halts having reached its subcritical
value. Only after temperature difference or thermal stresses
reach a second critical value, the crack restarts to propagate in
a quasi-static manner, therefore, material strength gradually
decreases by increasing thermal stresses. Between the two
critical temperature differences the crack length and hence the
material strength do not change [25].

Various methods have been developed to assess the thermal
shock behavior of such ceramics. Most of them are based on
the determination of the loss of strength in a flexural test after a
number of heating–cooling cycles [26,27]. Obviously, these
methods are both time-consuming and costly. Andersson and
Rowcliffe [28] developed an indentation-quench method to
determine the thermal shock properties of ceramics. This
method provides an efficient way to determine and compare
the thermal shock resistance of different materials by measur-
ing the growth of cracks on the sample in a Vickers hardness
test [29]. Pettersson et al. applied this method to measure the
thermal shock resistances properties of α/β-SiAlONs [30] and
β-SiAlONs [31].

In this manuscript, densification during sintering, microstruc-
tural and phase evolution, hardness, toughness and thermal shock
resistance of SiAlON–TiN composites were investigated for
varying amounts of TiN incorporation (10, 17 and 25 wt%).

2. Materials and methods

2.1. Preparation of materials

SiAlON and SiAlON–TiN composites which contain different
amounts of TiN (10, 17 and 25 wt%) were prepared to evaluate
the thermal shock properties. 25αı:75βı-SiAlON compositions
were designed by using multi-cation system (9Er:0.5Sm:0.5Ca).
The total amount of additives was kept constant at 2.5 mol%. The
composition of SiAlON in the sample with nominally n¼1.3 and
m¼1.25 has a lower x value, as would be expected (x¼m/
3¼0.416) and z value is 0.7.

Commercially available powders that were used as starting
materials to produce SiAlON and SiAlON–TiN are as follows:
high purity α-Si3N4 powder (E-10 grade, UBE Co. Ltd., Japan)
with 1.4 wt% O content, high purity AlN powder (H Type,
Tokuyama Corp. Japan) containing 1.6 wt% O, Al2O3 (Alcoa
A16-SG, Pittsburgh, USA), Er2O3 (499.99%, Treibacher,
Austria), Sm2O3 (499.9%, Stanford Materials Corp., USA),
CaCO3 (499.75%, Reidel-de Haen, Germany) and TiN
powder with average particle size of 1–2 mm (499% pure,
H.C. Starck, Grade C, Berlin, Germany).
The slurries with the compositions given above were

prepared by wet milling in isopropyl alcohol using Si3N4

balls. The slurries were then dried using a rotary evaporator
and sieved with a mesh size of 250 μm. The powders were
uniaxially pressed to a maximum pressure of 25 MPa, and
subsequently cold isostatically pressed at 300 MPa to increase
the green density. The pellets were sintered using a two-step
gas pressure sintering cycle with a maximum of 2.2 MPa
nitrogen gas pressure at 1890 oC for 90 min and then the
furnace was allowed to cool at a rate of 5 1C/min.

2.2. Characterization techniques

The densities of the sintered specimens were measured
according to Archimedes' principle. Before the mechanical and
microstructural studies, the specimens were polished by standard
diamond polishing techniques down to 1 mm diamond suspen-
sion. The hardness (HV10) and indentation fracture toughness
(K1C) at room temperature were obtained with a Vickers diamond
indenter, using a 98 N load. The Vickers hardness (HV) was
calculated by the following equation (Evans and Charles) [32]:

HV10¼ 0:47 P=a2 ð1Þ
where HV10 is the Vickers hardness, P is the load applied and a
is half the length of the diagonal of the indentation produced by
the indenter. The fracture toughness (K1C) has been evaluated
using the indentation fracture (IF) toughness technique. In this
study, the indentation fracture toughness K1C (MPa m1/2) was
calculated using the appropriate formula proposed by Niihara
et al. [33] for median cracks

K1C ¼ 0:018� HV � a0:5ðE=HVÞ0:4ðc=a�1Þ�0:5

�ðfor c=ao3:5 and l=ao2:5Þ ð2Þ
where 2a is the average indent diagonal length (mm), 2c is the
crack length (from one crack tip to another), E is the elastic
modulus (GPa) which is taken as a constant equivalent to
320 GPa for all the samples and H is the measured hardness
(GPa). Both the indent diagonal and crack length were carefully
measured from optical images of the indented surfaces and the
reported hardness and fracture toughness values were the average
of at least five indentation measurements. The indentation
damage behavior of materials was studied in detail using SEM.
The microstructural investigation of the polished surfaces of
samples was performed by means of a scanning electron
microscope (SEM-ZEISS Supra 40VP) in the back-scattered
electron imaging mode.
The types of crystalline phases and the αı:βı-SiAlON phase

ratios were determined by means of X-ray diffraction analyses
(XRD-Panalytical, Empyrean with Cu-Kα radiation). The αı:βı-
SiAlON phase ratios were found by quantitative estimation
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from the XRD patterns using the integrated intensities of the
(102) and (210) reflections of αı-SiAlON and the (101) and
(210) reflections of βı-SiAlON by the following equation:

Iβ
Iβþ Iα

¼ 1

1þK 1=wβ

� ��1
� � ð3Þ

where Iα and Iβ are the observed intensities of αı- and βı-
SiAlON peaks, respectively, wβ is the relative weight fraction
of β-SiAlON, and K is the combined proportionality constant
resulting from the constants in the two equations, namely:

Iβ ¼KβnWβ ð4Þ

Iα ¼ KαnWα ð5Þ
which is 0.518 for β (101)�α (102) reflections and 0.544 for
β (210)�α (210) reflections [34]. Since thermal shock test
results indicate the sample surface characteristics, αı:βı-SiA-
lON phase ratios were measured on the sample surfaces.

The z-value of the β-SiAlON phase was obtained from the
mean of the za and zc values given by the following equations:

za ¼
a�7:6044
0:031

ð6Þ

zc ¼
c�2:9075
0:026

ð7Þ

where a and c are the calculated unit cell dimensions of
β-SiAlON: JCPDS card 33-1160 was used as a reference for
β-Si3N4 where a¼7.6044(2) Å and c¼2.9075(1) Å.

For the thermal diffusivity measurements, disks of 13 mm
diameter were ground to 2 mm thickness. Both sides of the
samples were coated with gold and carbon. Gold prevents the
direct transmission of the beam and improves energy transfer to
the sample, while carbon increases the absorption of the front
surface and the emission of the back surface. The measurements
were performed between RT and 1073 K using the laser-flash
method (Netzsch LFA 457, Selb, Germany). Each data point
represented the mean of four individual measurements, with a
variation of 70.1%. Measurements were carried out under a
flowing nitrogen gas atmosphere at a flow rate of 100 mbar/s.

Thermal diffusivity (a) was determined by the following
formula:

α¼Wxd
2=π2tx ð8Þ

where Wx is a dynamic correction factor to account for the heat
losses, d is the thickness of the specimen, and tx is the time for
the test piece for the initiation of the pulse. After the density
(ρ) measurement by the Archimedes method and specific heat
Table 1
Phase evolution, z values and mechanical properties of sintered SiAlON and SiAlO

Sample βı:αı ratio (%)
(powdered)

βı:αı ratio (%) (from
surface)

Measured z
value

Type of
IGP

S0 79βı:21αı 61βı:39αı 0.65 Sı

S10T 78βı:22αı 80βı:20αı 0.66 Sı, Mı

S17T 76βı:24αı 83βı:17αı 0.66 Mı

S25T 77βı:23αı 88βı:12αı 0.66 Mı

Sı: Er2Si2O7 and Mı: ErSi2Al2O6.8N1.13.
(Cp) measurement by a differential scanning calorimeter, the
thermal conductivity (k) of samples weres calculated according
to the equation [35]:

k¼ ρCpα ð9Þ
2.3. Thermal shock measurements

The thermal shock resistance was measured by the indentation-
quench method developed by Anderson and Rowcliffe [28].
Cylindrical samples, with a diameter of 12 mm were used in all
test series. The samples were ground to obtain mutually parallel
two surfaces, and one side was then polished down to 1 mm
diamond suspension. Well-defined cracks were initiated with a
Vickers indenter (Emco Test, Duroscan20, Struers, Avustria).
Four indents were made on each sample, and each indent
generated four cracks, so that 16 cracks were made on each
sample. The following parameters were held constant: the sample
thickness was 4.070.5 mm, the initial crack length was
10770.2 mm and the water bath temperature was 90 1C.
Pettersonn et al. [29] reported that the water bath temperature
was found to be critical for the crack growth induced by
quenching. They have advised 90 1C bath temperature for the
best thermal shock resistance measurements. A thermostat was
used to control the water-bath temperatures. The crack length was
measured with an optical microscope which was attached to
Vickers indenter. The samples were heated in an air atmosphere
upto 490, 690 and 890 1C in a muffle furnace, with a holding
time of 20 min, and subsequently quenched in the water bath.
The furnace temperature was selected to give the desired

temperature difference, ΔT. The crack growth was measured for
each temperature difference, and the crack growth (ΔC) was
calculated as the percentage of the initial crack length. The thermal
shock properties were evaluated at various ΔT-values for SiAlON
and SiAlON–TiN composites. When the test specimens were
heated in air, and a slight oxidation was observed at the highest
temperature.

3. Results and discussion

3.1. The materials

The samples S0, S10T, S17T and S25T, contain 0%, 10%,
17% and 25% TiN in SiAlON matrix, respectively. Both
ceramic samples were fully densified, and the measured
densities are listed in Table 1. The density was confirmed by
N–TiN samples.

Bulk density
(g/cm3)

Open porosity
(%)

HV10 (GPa) (from
surface)

Kıc (MPa m1/2) (from
surface)

3.3586 0.03 16.6070.3 6.470.4
3.4860 0.04 16.0070.1 7.570.1
3.5793 0.01 16.1070.1 8.070.1
3.6858 0.03 15.6070.2 8.270.2
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Fig. 1. SEM micrographs of polished surfaces of (a) S0, (b) S10T, (c) S17T and (d) S25T recorded in BSE mode.
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Fig. 2. XRD pattern of SiAlON and SiAlON–TiN compositions which have
different amount of TiN particles.

N.C. Acikbas et al. / Ceramics International 40 (2014) 3611–36183614
SEM images of the polished surfaces, i.e. no pores or voids
were observed. Micrographs of polished surfaces of samples are
shown in Fig. 1. TiN particles were found to be homogeneously
dispersed in the SiAlON matrix. Addition of TiN particles
caused β-SiAlON grain structure to become elongated due to the
increase in intergranular phase content accompanied by the
presence of a TiO2 layer on TiN particles. Therefore S25T had
the highest fracture toughness, but the hardness of the sample
was less since it had lower α-SiAlON phase content (Table 1).

The melilite (LnSi2Al2O6.8N1.13) and silicate phases (Ln2Si2O7)
were observed other than α-SiAlON, β-SiAlON and TiN crystal-
line phases in all SiAlON and SiAlON–TiN composites (Fig. 2). It
is obvious that the crystallization tendency of intergranular phase
changed with the addition of TiN reinforcement phase. Disilicate
phase (Er2Si2O7) was observed for S0 sample, whilst melilite phase
was formed by the incorporation of TiN phase. S17 and S25
samples had single melilite phase crystallization; on the other hand
S10 sample had melilite and silicate phase crystallization together.
This phenomenon can be explained by the change in intergranular
phase chemistry due to TiN addition. SiO2 in the liquid phase
decreases with an increase of TiN in the composite. This can
explain the decrease in silicate phase with the increase in TiN
content. TiN provided more nitrogen in liquid phase, so melilite
phase (rich in nitrogen content) crystallization was obtained. 10 wt
% TiN addition provided both melilite and silicate phase stabiliza-
tion. The melilite phase is well known as a good secondary
refractory phase which displays good high temperature stability
since it has very high nitrogen content [17]. On the other hand,
Er2Si2O7 phase is oxidation resistant and it has a number of
advantages for high temperature applications. In addition,
similar αı:βı phase ratios were achieved for all of the
compositions obtained from powdered form (see Table 1).
Small differences in the surface αı:βı phase ratios were observed
due to polishing depth of samples. αı phase amount was higher
due to the faster cooling. In the SO sample αı phase was higher
in the regions closer to the surface.
The z value of βı phase did not change with TiN addition

(see Table 1) and remained �0.7 in the samples. The similar
phenomenon was observed by Johnson et al., [36] and Acikbas
[37]. The morphology of βı grains varied with the amount of
TiN particles added, as seen in Fig. 1. More elongated grains
were achieved for 25 wt% TiN added sample. It was mainly
due to the presence of a TiO2 layer on TiN particles. Further
addition of TiN brought about more TiO2 layer and increased
the liquid phase during sintering. TiN might have lowered the
liquid phase viscosity and has been instrumental in the
crystallization of more melilite phase.
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The effect of the TiN and its amount on the Vickers hardness
and indentation fracture toughness is shown in Fig. 3. The
hardness decreased with TiN addition and increased with TiN
content, as the fraction of hard α-SiAlON phase decreased with
TiN addition and soft intergranular phase content increased.
Therefore S0 sample had the highest hardness due to highest
amount of α-SiAlON phase and least intergranular phase content.
The fracture toughness improved with increasing TiN content and
the highest value, 8.270.2 MPa m1/2, was reached for the S25T
sample with 25 wt% TiN content due to presence of high aspect
ratio grains (see Fig. 1). Moreover, the presence of TiN particles,
which had a higher coefficient of thermal expansion compared to
SiAlON phases, led to compressive stresses in the matrix which
was instrumental in a crack deflection mechanism and resulted in
a higher fracture toughness. All samples showed intergranular
fracture mode in the matrix and it was deduced that the
improvement in toughness with increasing intergranular phase
content was due to deflection of cracks encountering bimodal
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Fig. 4. Crack profile of S25T sample.
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grain structures, as shown in Fig. 4. For all three different TiN
contents the fracture toughness was improved by the addition of
25 wt% TiN particles.

3.2. Thermal shock resistance

The crack growth (ΔC) versus the thermal shock tempera-
ture difference (ΔT) is shown in Fig. 5. for SiAlON and
SiAlON–TiN composites. Stable crack extension was observed
Fig. 6. Thermal diffusivity versus temperature diagram for SiAlON and
SiAlON–TiN composites.
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within the whole temperature intervals for all of the samples. It
is evident that the thermal shock resistance of SiAlON was
improved by the addition of TiN phase. As can be seen in
Fig. 5. crack growth rate was changing with the existence of
TiN and its amount. The best thermal shock resistance was
achieved at a high fraction of TiN. Increasing the fraction of
TiN phase increased the thermal shock resistance, and the α:β-
SiAlON without TiN had the poorest thermal shock behavior
among all the samples. Besides, α:β SiAlON phase ratio
affected the thermal shock resistance. S0 sample had the
highest α phase content (39 wt% α phase) corresponding to
the poorest thermal shock behavior. The morphology of the
grains in the composite also might have an influence on the
thermal shock properties. The α phase was equiaxed and
β-phase was elongated. For instance, S25T sample (88 wt% β
phase) showed better thermal shock behavior for which most
of the β-SiAlON grains were elongated. Elongated grains
improved the thermal shock resistance by providing energy
consuming mechanisms such as crack deflection and/or
5 µm 5 µm

Fig. 9. SEM images of S0 samples after thermal shock tests at different

5 µm 5 µm

Fig. 10. SEM images of S10T samples after thermal shock tests at differen

5 µm 5 µm 

Fig. 11. SEM images of S17T samples after thermal shock tests at differen
bridging hindering the crack extension. The presence of TiN
in high amounts provided more liquid phase formation during
sintering. In turn, the presence of more liquid phase during
sintering enhanced the grain growth, so that more elongated
grains with high aspect ratio were formed (Fig. 1). So one of
the reasons that S25T sample had the highest thermal shock
resistance was the elongated grain morphology.
Another important factor that influences the thermal shock

resistance of a material is the thermal conductivity. It is
generally accepted that higher the grain size, the higher is
the thermal conductivity [38]. In the present study, it was
observed that the grain growth became more prominent as the
TiN content increased. At ambient temperature S0 sample had
slightly higher thermal diffusivity values than the other
samples (Fig. 6). When the temperature increased to 200 1C,
S25T sample had higher thermal diffusivity values. However,
TiN addition had no observable effect on thermal diffusivity
(Fig. 6). Fig. 7 shows the measured heat capacity values of the
samples. The temperature dependence of the heat capacities of
5 µm

temperature differences (ΔT) (a) 400 1C, (b) 600 1C, and (c) 800 1C.

Oxid
TiN
part5 µm 

t temperature differences (ΔT) (a) 400 1C, (b) 600 1C, and (c) 800 1C.
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t temperature differences (ΔT) (a) 400 1C, (b) 600 1C, and (c) 800 1C.



Table 2
EDX analysis result of S17T sample after thermal shock
test at 890 1C (Pt belongs to conductive coating).

Element wt%

Oxygen 38.9
Silicon 1.1
Erbium 0.4
Titanium 55.7
Aluminum 0.4
Platinum 3.5
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Fig. 13. XRD pattern of S25T samples before and after thermal shock tests at
different temperature intervals (s: TiO2 (Rutile)).
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the samples S17T and S25T was exactly the same. The sample
S10T showed a different trend that while the heat capacity was
relatively low at lower temperatures, it increased at higher
temperatures (500–600 1C). The thermal conductivity values
of the samples were calculated by Eq. (9), and the results are
shown in Fig. 8. The thermal conductivity of the sample S25T
was the highest independent of temperature. The thermal
conductivity increased with the increasing TiN amount for
all of the samples. Since high thermal conductivity is a factor
suppressing crack propagation, the samples with higher
thermal conductivities had a lower tendency for crack propa-
gation (Fig. 5).

At the first glance it proved hard to assess the influence of
intergranular phase chemistry on the thermal shock behavior of
the samples. Kıc increased with the increasing TiN amount;
nevertheless, silicate was changing to melilite simultaneously
affecting the intergranular phase chemistry.

In order to further evaluate the thermal shock resistance
behavior, SEM images of the samples were taken after the
thermal shock tests at various temperatures (Figs. 9–12). S0
sample without TiN showed more oxidation resistance than
others. The oxidation of titanium nitride to rutile (TiO2) started
at a temperature lower than for Si3N4, between 500 and 600 1C
[39]. It was observed that the oxidation was controlled via
oxygen diffusion through TiO2 layer, especially, at temperatures
below 1000 1C [40–43]. Under oxidation conditions the TiN
particles were partially oxidized to a TiO2 phase (Figs. 10c, 11c,
and 12c). TiO2 filled the cracks and provided crack healing.
Therefore, sample S25T showed the best thermal shock
resistance behavior. TiO2 phase evolution after thermal shock
tests were detected by XRD and SEM–EDX analyses for TiN
added samples (see Fig. 13, and Table 2).

Up to 400 1C, crack propagation was insignificant for the S0
sample. The crack growth rate was nearly constant between
400 and 600 1C. Above 600 1C, crack growth rate increased.
TiN added samples showed higher crack growth rates than the
S0 sample. S10T sample had the highest crack growth rate
between 25 and 400 1C. Above 400 1C, TiN oxidation started
providing crack healing, and hence crack growth rate lowered.
S17T and S25T samples showed similar tendencies for crack
propagation. On the other hand S10T sample showed an
increased crack growth rate above 600 1C. When the TiN
amount was larger than 10%, significant crack healing
behavior was observed.
5 µm 5 µm 

Fig. 12. SEM images of S25T samples after thermal shock tests at different te
4. Conclusions

SiAlON and SiAlON–TiN composites containing various
amounts of TiN were produced in order to evaluate the effect of
TiN particles on the thermal shock properties. The indentation-
quench experiments were used to determine the thermal behavior
of the sintered materials. The microstructure of SiAlON–TiN
composites consisted of elongated grains, and the addition of
TiN positively affected the elongated grain morphology of β-
SiAlON grains. The fracture toughness increased with the increas-
ing TiN amount. The maximum values of the fracture toughness
were obtained in SiAlON–TiN composites containing 25 wt% TiN
particles. The addition of TiN particles had little effect on the
hardness values of SiAlON–TiN composites. SiAlON–TiN com-
posites exhibited a superior thermal shock property when the
amount of TiN was 25 wt%. The addition of TiN also improved
the resistance to thermal shock damage, and SiAlON–TiN
composites with 25 wt% TiN particles having the best capability
5 µm 

mperature differences (ΔT) (a) 400 1C, (b) 600 1C, and (c) 800 1C.
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to suppress crack propagation achieved by passive oxidation above
700 1C.
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