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Abstract

SiC-TiC composites, with 0, 5, 10 and 20 vol.% of TiC, were sintered by the hot-pressing technique at temper-
ature of 2000 °C under argon atmosphere. SiC sintering process was activated by liquid phase created by the
reaction between Al2O3 and Y2O3, in which it is possible to dissolve passivating oxide layers (SiO2 and TiO2)
and partially SiC and TiC carbides. Microstructure observation and density measurements confirmed that the
composites were dense with uniformly distributed components. Differences in thermal expansion coefficients
between SiC and TiC led to complex stress state occurrence. These stresses combined with the liquid-derived
separate phase between grains boundaries increased fracture toughness of the composites, which ranged from
5.8 to 6.3 MPa·m0.5. Opposite to the bending strength, fracture toughness increased with the TiC volume frac-
tion. By means of simulation of residual thermal stresses in the composites, it was found that with the increasing
volume fraction of TiC, tensile stress in TiC grains is reduced simultaneously with strong rise of compressive
stresses in the matrix.
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I. Introduction

Silicon carbide is characterized by interesting ther-

momechanical properties. It has very high hardness

(∼20 GPa), high wear resistance, high thermal conduc-

tivity coefficient and high oxidation resistance, but low

fracture toughness. Moreover, it retains its hardness and

bending strength at temperatures exceeding 1500 °C.

Most valuable properties of silicon carbide arise from

covalent bonds dominating in this material. On the other

hand, dominating covalent bonds contribute to low self-

diffusion coefficients, and by itself, lead to poor sinter-

ability of SiC [1,2]. In addition, the attempts to obtain

dense SiC polycrystals from fine powders by sintering

supported by uniaxially and isostatically applied pres-

sure were unsuccessful. It is well known [2–11] that use

of sintering activators is essential for obtaining dense

SiC materials, in both single phase polycrystals and SiC

based composites.

There is a large group of composites with the SiC ma-

trix and a second phase inclusions which do not impair
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properties such as hardness or thermal conduction and

increase bending strength and fracture toughness [12–

15]. SiC-TiC composites belong to this group and ef-

fective sintering activators of the SiC matrix are oxide

additives such as a mixture of alumina (Al2O3) and yt-

trium oxide (Y2O3) in 3 : 2 mass ratio [3–8,11]. Usu-

ally, it is introduced into the SiC powder in the amount

of 10–20 wt.% [11]. The Al2O3 to Y2O3 oxide mass ra-

tio of 3 : 2 corresponds to the lowest melting eutectic

(1760–1810 °C) in the Al2O3-Y2O3 system. The pro-

duced composites were characterized by only slight in-

crease in fracture toughness (KIc = 4–5 MPa·m0.5) as

compared to the single-phase ceramics of SiC or TiC.

Significant increase in fracture toughness was observed

after prolonged annealing of composites at tempera-

tures between 1900 and 2000 °C, which led to abnor-

mal grain growth of SiC. The KIc coefficient of compos-

ites increased to almost 7 MPa·m0.5 [16–18]. Improved

fracture toughness is associated with the decrease of

bending strength. The bending strength significantly de-

pends on the annealing time. It decreased from 700 to

200 MPa after 12 h annealing of the sample contain-

ing 30 wt.% SiC - 70 wt.% TiC, while fracture tough-
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Table 1. Characteristics of SiC and TiC powders

Property SiC TiC

content of C [%] 28.50–29.50 avg. 19.26

content of O [%] max. 2.5 0.6

metallic impurities (Al, Ca, Fe) [%] <0.10 <0.20

specific surface area [m2/g] 23–25 -

average particle size [µm] 0.80 1.26

Table 2. Characteristics of SiC and TiC powders

Composite Apparent density [g/cm3] Phase composition [wt.%]

SiC-0TiC 3.21 ± 0.01 91.8% SiC; 8.2% residual phases

SiC-5TiC 3.30 ± 0.02 84.2% SiC; 4.5% TiC; 11% residual phases

SiC-10TiC 3.39 ± 0.08 81.7% SiC; 12.9% TiC; 6.5% residual phases

SiC-20TiC 3.59 ± 0.05 70.2% SiC; 24.0% TiC; 5.8% residual phases

ness rose from 4.5 to 6.2 MPa·m0.5 [16]. Improvement

of fracture toughness is correlated with the generation of

the first type thermal stresses as well as the microstruc-

ture of composites. Intentionally initiated crack is bi-

furcated and deflected, moreover, crack bridging can be

observed at elongated SiC grains. In turn, the higher

amount of TiC the lower bending strength of composites

is observed. This phenomenon results from the stronger

thermal stresses which may lead to the creation of mi-

crocracks in the matrix, which are in turn responsible for

decreasing bending strength. These stresses are stronger

when matrix grains are larger, which explains signifi-

cant decline of strength in composites after annealing

[16–18].

Recently, attempts to produce SiC-TiC composites by

SPS technique have been performed [19–21]. The appli-

cation of the SPS technique avoids the use of SiC sin-

tering activators and a significant reduction in the sin-

tering temperature of 200–300 °C is noted. However, no

significant improvement in the mechanical properties of

composites was observed compared to the previously

used sintering techniques. Interesting attempts to obtain

SiC-TiC composites include pressureless sintering tests

in which titanium carbide is formed in situ by carbother-

mal reduction of TiO2 [22]. The relative density of such

obtained composites is the highest, for low volume frac-

tion of TiC, and reaches 94–98 TD%.

The paper presents investigations on mechanical

properties and the simulation of residual thermal

stresses in SiC-TiC composites, which were combined

with qualitative and quantitative microstructure analy-

sis. The composites were obtained by the hot-pressing

technique. SiC sintering activators in the form of oxides

were used. Based on these studies, an attempt was made

to explain the effect of titanium carbide inclusions on

the mechanical properties of composites, in particular

on the fracture toughness.

II. Experimental procedure

The samples were prepared using sub-micrometric

SiC (HC Starck UF 25) and TiC (ABCR GmbH & Co.

KG AB122483) powders (Table 1). The oxide sinter-

ing activators in the form of Al2O3 (Timei TM-DAR,

99.9%) and Y2O3 (Boguchwała, 99.9%) were intro-

duced in the 3 : 2 mass ratio, in amount of 10 wt.% in re-

lation to SiC. The following four powder mixtures were

prepared: SiC with 0, 5, 10 and 20 vol.% of TiC denoted

as SiC-0TiC, SiC-5TiC, SiC-10TiC and SiC-20TiC, re-

spectively. The mixtures were wet homogenized in an

isopropyl alcohol for 12 h by means of the ball mill with

the sintered SiC grinding media. Slurries were dried un-

der the IR irradiation and then mixtures were granulated

through perlon sieve. The samples were hot-pressed at

2000 °C/0.5 h, under 25 MPa pressure and argon flow.

Apparent density was measured by hydrostatic

weighting method. Analyses of the sintered samples

phase composition were performed by X-Ray diffrac-

tion technique (PANalytical Empyrean) and the ob-

tained data were refined with the Rietveld method.

In order to allow microstructure observation, metallo-

graphic sections were prepared (Struers Rotopol 25).

Microstructures were observed using scanning electron

microscope (Nova Nano SEM 200, FEI Company).

The hardness of the composites was measured by

the Vickers method. In order to determine hardness

of the composites, 10 indents under a load of 1 kg

(9.81 N) were made. Single-edge-notched beam method

was used to calculate fracture toughness (Zwick/Roell

2.5 kN). Bending strength was measured using three

point bending test (Zwick/Roell 2.5 kN). The test spec-

imens as well as bending strength and fracture tough-

ness tests were performed in accordance with PN-EN

ISO6872. In each case, measurements were performed

on 6 samples.

III. Results and discussion

3.1. Phase composition and microstructure

The results of density and phase composition mea-

surements of the composites are presented in Table 2. It

can be seen that bulk density of the materials increases

with TiC content. This phenomenon can be explained by

an increase in the volume fraction of TiC, which has sig-
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Figure 1. XRD analysis of SiC-TiC composites with 5, 10 and
20 vol.% TiC

nificantly higher density (4.92 g/cm3) than the SiC ma-

trix (3.21 g/cm3). The XRD analysis of the composites

confirmed the presence of two main phases, i.e. SiC and

TiC, as well as phases produced by the reaction between

the oxide activators (Fig. 1). Precise determination of

the type and amount of phases resulting from the reac-

tion between oxides or carbides and oxides is very diffi-

cult. On the basis of the most intense reflections, phases

such as YAG (yttrium aluminum garnet) and YAM (yt-

trium aluminum monoclinic) are most probably present

in the composites. However, the formation of aluminum

or yttrium carbide and mixed carbides cannot be ex-

cluded. Due to the difficulty in accurately determining

the type and number of residual phases it is also impos-

sible to calculate the theoretical density and porosity of

composites. However, it can be observed from the SEM

(a) (b) (c)

(d) (e)

(f) (g) (h)

Figure 2. SEM micrographs of SiC-0TiC (a), SiC-5TiC (b), SiC-10TiC (c) and SiC-20TiC (d) composites and EDS point
analysis of different sections of SiC-20TiC composite (e,f,g,h)
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micrographs that the composites are dense (Fig. 2). Ho-

mogeneous distribution of TiC grains (light areas) in the

SiC matrix (dark areas) was also noted (Fig. 2). Chem-

ical analysis of composite micro-areas was performed

by EDS analysis (Fig. 2f,g,h). Light phase network of

residues of oxide activators can be observed between

SiC grains, mainly at grain boundaries.

Figure 3. Vickers hardness of materials

Figure 4. Fracture toughness of materials

Figure 5. Bending strength of materials

3.2. Mechanical properties

The Vickers hardness of composites increased with

TiC volume fraction (Fig. 3). This fact can be associated

with the decreasing SiC volume fraction, thus, the vol-

ume fraction of oxide activators, whose residues and re-

action products are visible in the microstructure. These

phases have a significantly lower hardness (8–15 GPa)

[23], as compared to both carbides, having similar hard-

ness ∼20 GPa [24,25].

Silicon carbide sintered with only oxide activa-

tors only exhibits the lowest fracture toughness, i.e.

5.3 MPa·m0.5. For all composites, an increase in frac-

ture toughness in comparison with the reference sam-

ple (SiC-0TiC) is observed (Fig. 4). The highest KIc of

6.3 MPa·m0.5 has the composite with 5 vol.% TiC. The

fracture toughness of the single-phase polycrystalline

SiC, i.e. sintered with boron and carbon additives is

3.5–4.0 MPa·m0.5 [1,24–26]. Similar or higher fracture

toughness values of composites, up to 7.8 MPa·m0.5,

were obtained by prolonged annealing (2–12 h), under

pressure, at high temperatures (1900–2000 °C), lead-

ing to strong unidirectional grains growth of SiC [15–

17,27].

On the other hand, the bending strength declined

from ∼700 MPa for the silicon carbide without TiC ad-

ditives and SiC-5TiC composite to ∼450 MPa for the

composite SiC-20TiC (Fig. 5).

The formation of residual thermal stresses, resulting

from a large difference in thermal expansion coefficients

between two carbides, are the possible cause of the frac-

ture toughness increase and bending strength decrease.

Verification of this hypothesis is explained later in sec-

tion 3.3. Both carbides have isotropic thermal expansion

coefficients α, which are 5.3 ·10−6 and 7.4 ·10−6 K−1 for

SiC and TiC, respectively. Moreover, the residues of the

oxide activators which occur at grain boundaries may

reduce the strength of grain boundaries. The stresses as

well as reduced strength of grain boundaries cause that

emerging cracks extend between the grains, leading to

their deflection and elongation (Fig. 6a,b). As expected,

an effect of cracks bridging was observed (Fig. 6c,d) in

the composites with 10 and 20 vol.% of TiC. All these

phenomena have positive influence on the effective frac-

ture energy improvement, thus, it increases the fracture

toughness of composites.

3.3. Modelling

The finite element method (FEM) was used to cal-

culate residual thermal stresses in the SiC-TiC compos-

ites. The geometric models were based on Representa-

tive Volume Element concept (RVE) [28,29]. It was as-

sumed that the modelled area is a cube with dimensions

of 10 × 10 × 10 µm, wherein the grains of inclusion are

randomly distributed so as to obtain expected volume

fraction (Table 3). Single grains, which filled RVE, had

the shape of icosahedrons. Its size ranged from 0.1 to

2.0 µm. The position and orientation of the inclusions

were random, and the grains could interpenetrate each
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(a) (b)

(c) (d)

Figure 6. Mechanisms of effective increase in cracking energy in composites: a) SiC-0TiC, b)SiC-5TiC, c) SiC-10TiC
and d) SiC-20TiC

Table 3. Comparison of actual data for main phases of
composites components and the calculations by RVE model

Composite
Volume fraction of Amount of

TiC [%] inclusion grains

SiC-5TiC 5.1 100

SiC-10TiC 10.0 152

SiC-20TiC 20.1 190

other, which increase the size and shape inclusion vari-

ations (especially at higher volume fraction). The pro-

cedure of RVE filling with grains was iterated until the

average inclusion size was close to that obtained from

the quantitative microstructure analysis (Fig. 7) for sub-

sequent composites. The values of the average equiva-

lent grain diameter d2 - in the two dimensions and the

mean diameter of the grains D - in three dimensions for

the TiC grains were calculated on the basis of the SEM

micrographs and analysis of microstructure images. For

this purpose, commercial software Aphelion was used.

Such synthetic microstructures were composed of more

Figure 7. Calculation results of average equivalent diameter
of TiC inclusions in two- and three-dimensional layout

than a hundred TiC grains distributed in a homogeneous

matrix (Fig. 8).

The isotropic properties of component phase were

assumed in calculations. Values applied for SiC were:
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Figure 8. The appearance of modelled composite areas

Figure 9. Distribution of normal stresses in the x direction
for composites: a) SiC-5TiC, b) SiC-10TiC and

c) SiC-20TiC

Young’s modulus ESiC = 415 GPa, Poisson’s ratio

νSiC = 0.16, linear thermal expansion coefficient in the

range of 275–1275 K was αSiC = 5.3 · 10−6 K−1 [30].

The corresponding data for TiC were: ETiC = 450 GPa,

νTiC = 0.19 [31], αTiC = 7.4 · 10−6 K−1 [24]. The model

assumed periodic boundary conditions that force the

same degrees of freedom for the corresponding nodes

lying on opposite edges of the RVE [32]. The models

were thermally loaded by cooling at temperatures from

1273 to 273 K. It was assumed that at 1273 K thermal

stresses are being relaxed by plastic and diffusion flow.

The results obtained for three composite systems by

the FEM simulations indicate that with the increas-

ing volume fraction of TiC phase, the residual thermal

stresses increase in both the inclusion grains and the SiC

matrix. Average values and distribution of the thermal

stress calculated for the models are summarized in Ta-

ble 4. They were expressed as hydrostatic stresses:

σh =
σx + σy + σz

3
(1)

where σx, σy, σz are weighted averages of stresses

(σavg) in directions x, y, z, calculated using following

equation:

σavg =
∑
σi · xi (2)

where σi is value of the stress in the element i, in the

selected direction in space and xi is the volume fraction

for element i.

The FEM simulations of thermal stresses showed that

tensile stresses dominate in the TiC grains, regardless of

their volume fraction and compressive stresses occur in

the matrix. These stresses result from the difference in

thermal expansion coefficients (αSiC < αTiC) of these

phases. Analysis of the simulation results indicates that

the increase in the volume fraction of the secondary

phase (TiC) leads to the decrease in average value of

stress but increases their spread (Fig. 9). For carbide

matrix this is due to the increase in the volume fraction

of the areas in which compressive stresses will prevail,

what may improve fracture toughness. However, for the

TiC phase, the spread of the stress distribution is related

to the increase in the volume fraction of areas where

Table 4. Thermal stresses calculated in composites

Composite
σh of matrix σh of inclusions

[MPa] [MPa]

SiC-5TiC −38 ± 148 713 ± 74

SiC-10TiC −75 ± 167 674 ± 98

SiC-20TiC −149 ± 200 593 ± 128
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tensile stress is dominant. These areas are located near

the interface. Because of the very high values of stresses

present in the TiC grains, it can lead to the weakening

of interface (grain boundary) strength and even cause

microcracks [15]. The effect of this stress distribution is

significantly decreased strength correlated with increas-

ing amount of TiC addition.

IV. Conclusions

Dense composites with SiC matrix and homoge-

neous distribution of 5, 10 and 20 vol.% of TiC grains

were prepared by hot-pressing at 2000 °C/0.5 h, under

25 MPa pressure and argon flow. Oxide activators from

the Al2O3-Y2O3 system were used to densify SiC ma-

trix.

In comparison to the reference sample (SiC sintered

only with oxide additives), the Vickers hardness and

fracture toughness slightly increase whereas bending

strength significantly decreases. Among produced com-

posites, the best mechanical properties had the compos-

ite with 5 vol.% TiC. With increasing volume fraction

of TiC, an increase of residual thermal stresses in com-

posites was observed. The calculated average internal

stresses indicated possibility of microcracks creation at

the grain boundaries. These phenomena would explain

observed enhancement in the KIc values and decrease in

the composite bending strength with the increased TiC

fraction.

It is worth noting that there is no significant improve-

ment of the mechanical properties of SiC-TiC compos-

ites in comparison with silicon carbide polycrystals sin-

tered with oxide activators only.
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