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Abstract

The material C~C-SiC-Ti3SiC, is promising for high temperature application.
Due to the laminated structure and special properties, the Ti3SiC, is one of the best
reinforcements for CpC-SiC composites. In this paper, C~C-SiC-Ti3SiC, composites
were fabricated by liquid silicon infiltration (LSI) method; the effect of the TiC amount
on the various composites properties were studied. For samples with 0, 50 and 90 vol.%
of TiC, the results show that bending strength are 168, 190, and 181 MPa; porosities are
3.2, 4.7, and 9%; the fracture toughness are 6.1, 8.9, and 7.8 MPa-m'?; interlaminar
shear strength are 27, 36, and 30 MPa; the amount of the MAX phase are 0, 8.5, and 5.6
vol.%, respectively. These results show that amount of TiC is not the main effective
parameter in synthesis of Ti3SiC,. The existence of carbon promotes the synthesis of
Ti3SiC, indicating that only sufficient carbon content can lead to the appearance of
Ti3SiC; in the LSI process.
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Introduction

In recent years, carbon composites have attracted many attentions because of
their low density, thermal shock resistance, high fracture toughness and excellent
mechanical strength at high temperatures [1]. Silicon layer can protect composites
against ablation environments in temperatures even higher than 1700 °C [2], but this
layer cannot resist very high temperatures and flow of high pressure gasses. In few
previous decades, the addition of the super-high temperature ceramics to the matrix
have provided good resistance of composites against ablation environments [3-6]. The
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MAX Ti3SiC, phase has been interesting to researchers because of its nanolaminate
layer structure and excellent properties [7]. The Tis3SiC, can sustain various micro-
deformation to deflect the cracks. Therefore, it is expected that the addition of MAX
phase into the matrix can increase bending strength and other mechanical properties.
Melting temperature of the refractory Ti3SiC, phase is higher than 3000 °C [8].
Induction of this phase into the matrix can provide better resistance against ablation due
to its refractory properties [9].

Usually, Cf~C—SiC-Ti3SiC, composites are fabricated by several methods: (a)
polymer impregnation and pyrolysis (PIP), (b) using Ti3SiC; as the inert filler, (c) by
joint process of PIP and liquid silicon infiltration (LSI), (d) by joint process of slurry
infiltration and LSI, and also (e) by LSI method [1]. In this paper, Ti3SiC, and SiC were
introduced into Cf—C composites by LSI method and effect of volume ratio of TiC vs.
phenolic resin on the microstructure, bending strength, fracture toughness, interlaminar
shear strength and amount of Ti3SiC, were investigated.

Materials and methods

Composites fabrication contains many steps, as illustrated in Fig 1. The primary
step is the manufacture of carbon fiber preform (carbon and TiC in the matrix). The
high purity TiC powder used in this test has an average particle size of 3 to 5 pm,
surface area of 2.2 m%*/g and 0.11% of remaining carbon. In this study, TiC powder was
mixed with the different proportions of phenolic resin (0:100, 50:50 and 90:10). This
mixture was embedded between the layers of carbon fiber (1K, T-300), and then after
warm pressing it was pyrolyzed at 1000 °C for 1h to convert the resin to carbon and
form open pores in the structure. In the second step the preforms were infiltrated
together with liquid silicon at 1500 °C.

The infiltration process was performed in vacuumed graphite furnace at heating
rate of 10 °C/min. After the infiltration process, the temperature was reduced to 1350 °C
and samples were kept at this temperature for 1.5 h. The purpose of this process was to
form Ti3SiC; by solid state reactions. The bending strength was carried out through the
three-point bending method, according to ASTM C-1341 standard. Eleven samples
were tested to obtain an average strength. The loading rate was 0.5 mm/min and the
support span was 30 mm. The fracture toughness, was measured using single edge
notched beam method under three-point bending test with a loading speed of 0.05
mm/min. The support span was 30 mm and twelve samples were tested to obtain an
average fracture toughness. The interlaminar shear strength was performed with the
double-notched compressive method, according to ASTM C1292-00 standard. The
porosity percentage of the specimens was measured by Archimedes method according
to ASTM C-20 standard. X-ray diffraction (XRD, GNR, and MPD 3000) analysis was
employed to investigate the composition of obtained ceramics. Microstructural
characterizations of samples were investigated by scanning electron microscopy (SEM
TESCAN), applying back-scattered electron image (BSE) and energy dispersive
spectroscopy (EDS).
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Fig. 1. Steps manufacture of C-C-SiC-Ti3SiC, composite

Results and discussion

Porosity of the preforms and liquid silicon infiltration (LSI)

The powders were ground in disc mill in order to enhance the activation of TiC
particles and inhibit agglomeration due to fine-sized particles. Physical properties of the

samles with different volume proportion of TiC resin were compared in Table 1. The
porosity of the preforms increased from 21.3 % to 36.3% for the sample without and

with 90 vol.% of TiC, respectively. The corresponding density increased with

increasing amount of TiC particles from 1.3 to 1.8 g/cm’.
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Table. 1. Properties of the samples A, B and C

Sample A B C
TiC phenolic resin [vol.%] 0:100 50:50 90:10
Open porosity [%] (Preform) 213 279 36.3
Bulk density[g/cm?3 |(Preform) 1.3 1.6 1.8
Open porosity[%] (Final composites) 32 4.7 9
Bending strength [MPa] 168+20 190+31 181426
Fracture toughness [MPa.m'?] 6.1x1 8.9+1.2 7.8+1.4
Interlaminar shear strength [MPa] 27+4 36+6 30+4

At 1500 °C, the molten silicon infiltrates into the porous preform due to its
capillary force. The amount of capillary force evidently depends on the structure of
pores and can be calculated as follows:

Sp
AP = A * YLy cos 6 (D
P

where: Y1y is the liquid/vapor interfacial energy, V' is the pore volume, 6 is the
wetting angle, and Sp is the pore surface area. Infiltration time (t) can be determined by
the following formula:

h?n
= —2K,AP @

where: Kj is a permeability constant, /4 is the infiltration depth, and 7 is the fluid
viscosity. When the TiC particles are embedded between the carbon fabrics, the inter-
bundle pores of matrix change to a high number of inter-particle pores. Thus, according
to Eq. (1) the volume of pores will be reduced and the surface of pores will increase. As
a result, the enhancement of Sp/Vp proportion will increase the capillary force.

The TiC particles and carbon have appropriate wettability with molten silicon at
1500 °C [10, 11]. According to L.R. Katipelli et al. [10], H. Sasaki et al. [12] and H.
Nakanishi et al. [13], the wetting angle between silicon melt and the particles, the
viscosity of silicon melt, and the surface tension of silicon melt are: 32°, 0.8 mPa-s, and
0.740 J/m2, respectively. The pore volume fraction of the preforms was increased from
27.9% to 36.3%, for the sample with 50 vol.% TiC and 90 vol.%; the particle shape
factor is 1 [14].

Therefore, for the present preform, 1.4 s and 2.08 s are the approximated
infiltration time, indicating that the molten silicon can penetrate rapidly into the
preform.
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Phase analysis and thermodynamic analysis

XRD patterns of the final composites are shown in Fig. 2. As it can be seen,
sample A is composed of SiC and silicon, samples B and C are composed of SiC—TiSir—
Ti3SiCo—silicon and small amount of TiC. During the LSI process, molten silicon, TiC
particles and carbon react, leading to the formation of Ti-Si-C matrix.
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Fig. 2. XRD patterns of samples A, B and C after infiltration.

The polished-surface morphologies of samples A and B are shown in Fig. 3.
Gray area is a region of SiC phase in the matrix, and the bright area is associated with
unreacted Si, as it was confirmed with EDS analysis (Fig. 4).
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Fig. 3. BSE images of the polished-surface of composite A (a), and composite B (b).
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Fig. 4. EDS analysis of grey (a), and bright (b) areas in the Fig. 3a.

The matrix of composite B can be clearly seen in the high magnification of BSE
image (Fig. 5), where the bright white area, grey area, and grey bright area are
composed of TiszSiC, phase, SiC phase and TiSi» phase, respectively. This result was
confirmed by EDS analysis (Fig. 5 b,c, and d).

In sample A, B, and C, the formation of SiC phase can be favored

according to the equation:
Sil) + C — SiC AG = -56.9 kJ/mol 3)

In sample B and C, TiC may react with silicon according to the following
reaction:

3TiC(s) + 2Si(l) = Ti3SiCs(s) + SiC(s) AG =-75.0 kJ/mol (4)
The TiC may also react with silicon and carbon, forming Ti3SiC, [8]:
9TiC(s) + 8Si(l) + 2C(s) = 3Ti3SiCx(s) + 5SiC(s) AG = —338.7kJ/mol (5)

According to the thermodynamic calculations it is highly probable that in the
presence of carbon (Eq. (5)) formation of Ti3SiC, is more favorable than in the absence
of this element (Eq. (4)).
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Fig. 5. High magnification image of matrix in the fig. 3b (a), and EDS spectrum of
bright white (b), grey bright (c) and grey (d) areas.

The Ti3SiC; content in the samples B and C was 8.5 and 5.6 vol.%, respectively,
which was estimated by the Rietveld method.

It was expected that the Ti3SiC, content increases with increasing amount of the
TiC particles in the preform, but the results show opposite: the amount of the MAX
phase decreases with increasing amount of TiC particles. At position of 10° 2Theta,
Ti3SiC, peak was not detectable for the sample C, appears in the sample B with 50
vol.% of TiC in the preform. For sample C intensity of the first peak for the Ti3SiCs
decreases.

These results show that amount of TiC is not the main effective parameter in
synthesis of Ti3SiC, exclusively, but this reaction is promoted at the presence of
sufficient carbon for each mole of TiC (TiC/C molar ratio equal to 4.5) according to Eq.
(5). Carbon yield, for used phenolic resin, is about 60%. Therefore, TiC/C molar ratio
for the sample B and C is about 2 (or less) and 14.4 respectively.

Mechanical properties of samples

For samples A, B, and C, the bending strength of the composites are: 168, 190,
and 181 MPa, respectively (Table 1). Bending strength for the samples B and C are
improved in comparison to sample A, due to the replacement of Si by the in situ formed
MAX phase. Also, the cracks propagate and cause the delamination of Ti3SiC, layers in
the structure due to the lower bonding energy of Ti-Si bonds in comparison to the Ti-C
bonds [15].
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The TisSiC, phase represents a series of deformation modes such as:
delamination, kinking, buckling and bending due to its special atomic bonding and
lamellar structure, causing fracture energy absorption. In this study, the deformation
mechanism contains kink band, fracture of grains, delamination of lamellae of Ti3SiC,
and intergranular cracking under different loading modes which are illustrated in Fig. 6.
Therefore, the Ti3SiC, induction improves resistance to crack propagation in the matrix.

The induction of Ti3SiC; into the matrix is beneficial for improving the resistance
to crack propagation, thereby inhibiting the crack propagation in the matrix. Among all
samples, sample B shows the highest toughness, whereas sample A shows the lowest
one.

The presence of small pores can increase samples toughness by blinding crack
tips in the matrix, while the cracks will spread easily through a dense matrix [16]. On
another hand, according to mentioned characteristics of Ti3SiC,, the induction of this
phase into a dense matrix can cause higher toughness. Thus, the absence of the MAX
phase and low porosity of sample A cause low toughness. On the contrary, the greater
amount of the MAX phase in sample B will improve toughness.
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Fig. 6. High magnification of layered morphology of Ti3SiCs, the intergranular cracking
and delamination of lamellae of Ti3SiC> (a), fracture of grain (b) and kinking band (c).
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Fracture surfaces of Ce—C—SiC-Ti3SiC, composite (Sample B) and C—~C-SiC
composite (Sample A) are illustrated in Fig. 7. It is obvious from the fracture surface of
the samples, that fiber pullout happened in the sample A, which proves low strength of
the matrix and poor bonding between the matrix and the fibers.

It is clear from Fig. 7b that carbon fibers are torn in the sample B, which can be
attributed to the high strength of the matrix and high bonding strength between the
matrix and fibers. The net result of all these factors is better bending strength. The
pulled-out fibers are not short in the Ce—~C—SiC composite, and it may be concluded that
the fibers have a considerable effect on the composite strength.
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Fig. 7. Fracture-surface morphologies of composite A and B showing the pulled out
fibers (a) and sheared fibers (b), respectively.

As shown in Table 1, the interlaminar shear strengths of samples A, B, and C are
27+4, 36+6 and 30+4 MPa. The interlaminar shear strength of all composites were
simply depended on the strength of the fibers/matrix connection [16]. The differences
between the amounts of interlaminar shear strength of the samples can depend on this
parameter. Thus, it can be stated that the bond strength of fibers/matrix of the sample B
is higher than of other samples.

According to the mentioned mechanisms and mechanical properties of the
samples, it can be proved that the presence of the MAX phase can cause improvement
in C—C-SiC composites properties.

Conclusion

In summary, Ce—~C—SiC-Ti3SiC; and C~C-SiC composites were fabricated by the
LSI method at 1500°C. The amounts of the MAX phase were 0, 8.5, and 5.6 vol.% for
the samples with 0, 50, and 90 vol.% of the TiC, respectively. The results show that the
volume percentage of Ti3SiC, phase decreases with increasing the TiC/C molar ratio,
and mechanical properties of the samples increase with introduction of Ti3SiC, phases
in the C/—C-SiC composite. The deformation mechanisms in the Ti3SiC; involve kink
band, fracture of grains, delamination of lamellae and intergranular cracking.
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