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Abstract
The results are presented concerning simulations of the distribution of thermal residual stresses in a ceramic matrix particulate-reinforced composite in the SiC-TiB2 system. The stresses arise during cooling of the material after sintering due to differences in thermal
expansion and elastic properties of the component phases, and belong to the most important factors for increasing fracture toughness
of ceramic composites. A computational model was built on the basis of the real microstructure of the SiC-TiB2 composite. The material
properties of component phases used in calculations included their temperature dependences. A temperature difference caused shrinkage and residual stress was adopted by means of the analysis of the sintering curves. The simulations were performed by using the ¿nite
element method. The results of simulations were compared with the calculated values of residual stresses, basing on analytical models
and experimental data. The comparison shows good agreement. This allows an elaborated model to be used to solve more complex
problems concerning fracture analysis of ceramic matrix composites.
Keywords: SiC-TiB2, Ceramic matrix composites, Fracture toughness, Thermal residual stress, Finite element method

MODELOWANIE CIEPLNYCH NAPRĉĩEē RESZTKOWYCH W KOMPOZYTACH Z UKàADU SiC-TiB2
Z UWZGLĉDNIENIEM RZECZYWISTEJ MIKROSTRUKTURY I ANIZOTROPII WàAĝCIWOĝCI
TERMO-MECHANICZNYCH
Zaprezentowano wyniki dotyczące symulacji rozkáadu cieplnych naprĊĪeĔ resztkowych w kompozycie dyspersyjnych z osnową ceramiczną z ukáadu SiC-TiB2. NaprĊĪenia powstaáy podczas studzenia materiaáu po spieczeniu z powodu róĪnic w rozszerzalnoĞci cieplnej
i wáaĞciwoĞciach sprĊĪystych skáadowych, a naleĪą one do najwaĪniejszych czynników odpowiedzialnych za zwiĊkszenie odpornoĞci na
pĊkanie kompozytów ceramicznych. Model obliczeniowy zostaá zbudowany na bazie rzeczywistej mikrostruktury kompozytu SiC-TiB2.
WáaĞciwoĞci materiaáowe skáadowych faz uĪyte w obliczeniach uwzglĊdniaáy ich zaleĪnoĞü od temperatury. RóĪnica temperatury powodująca skurcz i naprĊĪenia resztkowe zostaáa uzyskana za pomocą analizy krzywych spiekania. Symulacje przeprowadzono z wykorzystaniem metody elementów skoĔczonych. Otrzymane wyniki porównano z wynikami obliczeĔ naprĊĪeĔ resztkowych opartych na modelach
analitycznych i danych eksperymentalnych, uzyskując dobrą zgodnoĞü, co pozwoliáo na opracowanie modelu uĪytecznego do rozwiązywania bardziej skomplikowanych problemów dotyczących analizy pĊkania kompozytów z osnową ceramiczną.
Sáowa kluczowe: SiC-TiB2, kompozyty z osnową ceramiczną, odpornoĞü na pĊkanie, cieplne naprĊĪenia resztkowe, metoda elementów
skoĔczonych

1. Introduction
Silicon carbide belongs to the group of materials with
a dominant covalent bond. It causes that SiC has very high
hardness, high temperature creep resistance and very good
chemical stability. The wider application of SiC as a structural
material is limited due to its relatively low fracture toughness
(KIC = 2-5 MPa·m0.5 [1-3]). The toughening effect in SiC can
be reached by the modi¿cation of its composition. Incorporation of inclusions into SiC matrix can put into motion some
additional mechanisms that increase fracture energy.
Particulate composites in the SiC-TiB2 system are the
materials showing improved fracture toughness. Final values
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of KIC depend on the volume fraction of TiB2 and can reach
even 6-8 MPa·m0.5 [4-6]. The fracture energy increase in the
composites compared to single phase SiC is connected with
some additional processes such as: the crack deÀection,
crack bridging, creation of microcracks and inÀuence of
residual thermal stress on a crack propagating through the
material [4, 7-13]. The level of inÀuence of each individual
mechanism is not recognized quantitatively. Depending on
inclusion and matrix size and shape, some mechanisms
could affect positively the fracture toughness and others
affect them negatively.
One of the main factors, decisive for the effectiveness of
the toughness increase mechanisms is constituted by the
presence of residual thermal stress in the material. Despite
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the direct interaction of a crack with the stresses cumulated
near the crack tip [8], they inÀuence crack deÀection [14],
crack bridging or microcracking [8, 9, 12].
The evaluation of the residual thermal stresses in the
SiC-TiB2 composite can be done using the experimental
data [15, 16] or by means of analytical solutions [8, 17].
The valuable data, coming from direct measurements, have
a relatively large level of uncertainty caused by dif¿culties
with the proper preparation of samples. Stress values measured experimentally have a relatively large dispersion.
The analytical solutions do not consider the grain shape
and properties anisotropy, coming from the crystallographic
structure of composite compounds.
In the presented work the ¿nite elements method was
applied to determine the thermal residual stress distribution
in the SiC-TiB2 composite. These results were used for elaborating the model basing on the real microstructure. The
inÀuence of grain shape and their anisotropy on the stress
values was analysed.

2. Experimental

croscope. Such images were used for the preparation of
a geometric model.

2.2. Microstructure model
The analysis of the residual thermal stress was performed
for a selected area of 2250 ȝm2 which contained 54 TiB2 grains. Their volume fraction was 19.6%. The matrix microstructure was generated synthetically in two variants. The ¿rst one
assumed the bi-modal grain shape distribution (Fig. 2a). The
matrix consisted of elongated grains with an average aspect
ratio of ~5, and their volume content was 50%. The rest of the
matrix grains were isometric with an average aspect ratio of
~1. In the second variant the elongated grains of SiC were
divided and the matrix was composed of isometric grains with
an average aspect ratio of ~1 only (Fig. 2 b).
The values of the thermal residual stress calculated using
the numerical mode were compared with the values calculated on the Taya equations base [8]. The model basing only
on a synthetic microstructure was also prepared. It consisted
of a uniform SiC matrix with circular TiB2 grains in the amount
of 20 vol.% (Fig. 2c).

2.1. Material
2.3. Mechanical characterisation
The dense polycrystalline composite material in the SiC-TiB2 system was prepared by hot-pressing. Raw materials
comprised a silicon carbide powder (H. C. Starck, UF-15)
and boron titanium one (GE Advanced Ceramics, HCT-S).
The compounds were used in a proportion of 20 vol.% TiB2
and 80 vol.% SiC. Additionaly, SiC sintering activators were
used: 0.5 wt.% of amorphous boron (Fluka Cat. No. 15580)
and 3 wt.% carbon (phenol-formaldehyde resin by Novolak Organika-Sarzyna) [18, 19]. Sintering was conducted at
2150°C under a pressure of 25 MPa in the argon atmosphere. Apparent density of sintered bodies reached ~99% of the
theoretical one.
The images of composite microstructures were taken
from polished surfaces by a camera using the optical mi-

a)

Both Į-SiC and TiB2 shows the hexagonal crystal structure.
Single crystallites (grains) of the model composite are anisotropic. Giving consideration for this phenomenon demanded
an experimental determination of elastic constants Cij [20, 21]
(Table 1). These constants were only slightly dependent on
temperature, so typical values were assumed in the temperature range of 25-1200°C. In this temperature range the decrease
in elastic moduli E, G is (6-7)% for both SiC and TiB2 [1, 22, 23]).
The modelling with the assumption of isotropic properties of
constituent phases used Young’s modulus (E), shear modulus
(G) and Poisson’s ratio (Ȟ) calculated from the same elastic
constants as in case of the anisotropic model. They were calculated as the Voigt-Reuss mean value from the equations
proposed by Hill [24] for the isotropic polycrystals (Table 1).

b)

Fig. 1. Microstructures of SiC-TiB2 composite: a) image of microstructure chosen for analyse, b) part of image (a) used for geometrical
model preparation.
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a)

b)

c)

d)

Fig. 2. Geometrical models used for thermal residual stress distribution analysis:
a) elongated matrix grains, b) isometric matrix grains, c) circular reinforcement particles, d) local coordinate system (LCS).

Table 1. Material characteristics used for modelling.
Mechanical properties
C33
[GPa]

C44
[GPa]

EVRH(a)
[GPa]

GVRH(a)
[GPa]

C11 [GPa]

C12
[GPa]

C13
[GPa]

Į-SiC [1, 20]

479

98

56

522

148

419

179

0.17

3.214

TiB2 [21, 23]

660

48

93

432

260

579

262

0.10

4.500

ȞVRH(a)

d [kg/m3]

Thermal expansions

Į-SiC
[25,26]

TiB2 [27]

(a)
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values calculated in this work
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a)

b)

c)

d)

Fig. 3. Results of performed simulations as average hydrostatic stress ıh = (ıx + ıy)/2 [MPa] (ız = 0; plane stress) for following models: a)
elongated matrix grains, b) isometric matrix grains, c) isotropic phases, d) circular reinforcement particles.

Hexagonal crystals show differences in thermo-mechanical properties in regard to the crystallographic axes a and c.
Model calculations applied coef¿cients of thermal expansion
(CTE) determined for a single crystal, de¿ning elongation
compatible with these axes (Įa-axis, Įc-axis). Additionally, due
to nonlinear CTE changes with the temperature increase,
the data coming from a wide range of temperatures were
used [25-27]. The modelling with the assumption of isotropic
properties of the constituent phases used the mean values
of parameters: (2·Įa-axis + Įc-axis)/3.
All the used material parameters applied for modelling
are collected in Table 1.
The application of the real images of composite microstructure imposed two-dimensional geometry of the models.
Calculations were performed assuming plane stress. Such an
assumption allowed us to verify the results of simulations by
comparison with the experimental stress values determined
by XRD, neutron diffraction or Raman spectroscopy. The mentioned techniques can help to determine the mean values of
thermal residual stress, occurring in the sample surface or in
the near-surface layer. For the surface area it can be assumed
that the stress perpendicular to that surface is relaxed (ıA ĺ 0)
[15] what is close to the simpli¿cation of plane stress (ıA = 0).

Considering anisotropy for a 2-D model (plane stress)
demands the use of different calculation techniques, most
often applying the local coordinate system (LCS), connected
with each grain independently [28-30]. Such a solution was
used in the presented models. Additionally, it was assumed
that the crystallographic axis a for hexagonal symmetry is
parallel to the x direction in the model and the axis c is parallel to the y direction. The z direction is perpendicular to
the plane of microstructure (Fig. 2d).
Directional grain growth in SiC [31] was applied for the
LCS orientation of the matrix grains. SiC grains grow in the
a crystallographic direction, creating plate-like or spherical
shapes [32, 33]. The x axis in the model was established to
be parallel to a longer edge of elongated grains (Fig. 2d).
For isometric grains of both SiC and TiB2 phases the crystallographic orientation was random, but the LCS directions
were mostly parallel to the grain edges.
The simulations were conducted assuming thermal loads
caused by cooling from 1200°C to 25°C. The simulations
assumed also that the stresses existing in the SiC-TiB2
composite above 1200°C have been relaxed. Such assumptions were also used in the works of other authors
[4, 8, 12, 13].
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Fig. 4. Histogram of thermal residual stress distribution.

3. Results and discussion
The results of performed simulations of the thermal residual stress distribution were collected in Fig. 3. Stress
values were expressed as average hydrostatic stresses
(ıh = (ıx + ıy)/2; ız = 0; plane stress).

3.1. Elongated and isometric matrix grains
The models, utilizing the real microstructure of SiC-TiB2
composite with elongated matrix grains, took into account
calculations of their anisotropy. The average hydrostatic
stresses were calculated for both microstructure variants,
comprising elongated and isometric matrix grains (Fig. 3a3b). The grains of TiB2 were under tensile stress (ıh > 0) due
to the larger values of thermal expansion coef¿cients of the
boride phase when compared to the carbide one (Įp > Įm).
The mean stress values in the TiB2 grains were of ~ 960 MPa
independently on the matrix microstructure.
Fig. 4 shows histograms of the distribution of average
hydrostatic stress. The stress distribution in TiB2 has a large
differentiation according to the calculated ıh values. Standard deviation values exceeded 100 MPa for these grains. It
could be caused by the much larger anisotropy of CTE and
the much larger values of elastic constants for SiC than for
TiB2 (Table 1). It suggests that the shape of matrix grains
and their orientation relative to TiB2 grains has little inÀuence
on the stress distribution in boride inclusions, and the big
differentiation of ıh values in TiB2 was caused by the CTE
anisotropy.
The silicon carbide matrix also showed a wide distribution of mean values. Compressive stresses were dominant
due to the relations of CTE’s which were described before.
Average hydrostatic stresses were on the level of – 50 MPa
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for both models, differing in grain shapes. For the isometric
SiC grains the larger differentiation of stress values occurred. Most probably it is caused by a quantitative factor
connected to the larger number of grains with different
orientation in the volume unit of the matrix. Average hydrostatic stresses calculated for the presented models were
in good agreement with thw experimental data, coming
from the thermal residual stress measurements for SiC-TiB2
composites SiC-TiB2 [15, 16]. In the composite containing
15.2 vol. % of TiB2 Winholtz [15] measured by the XRD method microstresses on the level of – 65 MPa and 363 MPa
for SiC and TiB2, respectively. The author of the mentioned
work indicated that values of measured stresses strongly
depended on the method of sample preparation, and were
relaxed by microcracks.

3.2. Anisotropic and isotropic models
In the next elaborated model, assuming isotropic properties of the constituent phases, the real microstructure of SiC-TiB2 sintered materials was used. Modi¿ed material properties were applied to the geometrical model with the isometric
matrix. Because of the assumed isotropy the shape of matrix
grains had no inÀuence on the results of calculations. The
distribution and shape of inclusions remained unchanged
which allowed us to compare directly of both the anisotropic
and the isotropic model.
The calculated average hydrostatic stresses (Fig. 3c and
Fig. 4) were lower for the models with the assumed anisotropy of materials properties. Stress values in TiB2 grains
reached 639 MPa with a large deviation (247 MPa). Such
a large differentiation was caused mainly by the difference in
TiB2 grains size. Average stresses in small grains were larger than those calculated for bigger grains. In bigger grains
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the stress concentration was observed only near the phase
boundary areas.
Average hydrostatic stresses in the carbide matrix were
– 154 MPa with a deviation similar to that observed for the
anisotropic models. The translation of the maximum of stress
distribution to more negative values caused the limitation of
areas with the domination of tensile stress (ıh < 0). Such
results indicate that a simpli¿cation of the model, which consists in the application of isotropic parameters of the material
for the analysis of its fracture toughness or strength, could
lead to a wrong assessment of microcrack and crack deÀection effects.

that these models are non-comparable. The results achieved
with different models were distinctly different.

3.3. Real and simpli¿ed microstructure

[1]

The last investigated model was used to determine the
inÀuence of simpli¿cation of grains geometry often used in
analytical models [8, 17]. Isotropic values of materials properties, the same as for the previously described model,
were applied.
The results have indicated the distinct narrowing of the
average hydrostatic stress distribution. For TiB2 grains the
standard deviation of ıh value was more than ten times
smaller and for SiC it was twice smaller, when compared
to the value calculated in the model basing on the real microstructure. The maximum stress values for both models
(Fig. 4) were similar, but the maximal and minimal stress
values were much less differentiated. Maximal values of
compressive stress in the matrix were – 399 MPa for circle
inclusions and for the real microstructure model reached
even – 2000 MPa. The similar relation was observed for
TiB2 inclusions. Tensile stress was 754 MPa and 1900 MPa,
respectively. Such results indicate that the suggested simpli¿cation of the model signi¿cantly limited its usage. They
also con¿rm that the grain shape is an important factor inÀuencing the thermal residual stress values in composites.

[2]
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