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Abstract
Ti3SiC2 + SiC and TiC + SiC were deposited on graphite substrate at 1300–1600 8C by chemical vapor deposition with TiCl4, SiCl4, C3H8, H2

as reactive gases. Process parameters such as temperature, pressure, concentration of C3H8 were varied to study their effects on the phases and

microstructure of the deposited layers. The results show that binary phases of Ti3SiC2 + SiC are formed at temperature less than 1400 8C. For

temperature above 1500 8C, TiC + SiC phases are formed. Increase of the process pressure causes the disappearance of Ti3SiC2 and the formation

of TiC. The surface morphology of Ti3SiC2 shows a plate-like structure. The hardness of Ti3SiC2 + SiC and TiC + SiC is HV4251 and HV4612

respectively for a load of 10 g.
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1. Introduction

In the last decade, lots of efforts have been made on the study

of multiphase composite ceramics [1–5]. Those studies were

primary conducted with conventional sintering process at high

temperature and high pressure. Multiphase composite ceramics

can improve the deficiency of low toughness of hard ceramics

materials. The most attractive matrix of composite materials at

present is SiC for its high strength, good creep resistance and

high temperature oxidation resistance; therefore, SiC is a very

promising material for the application in the mechanical

industries. However, its potential application is limited by its

low fracture toughness. Adding second phase to SiC matrix

resists crack propagation. It has been proven as an effective way

to improve fracture toughness. For instance, Si3N4, TiB2, B4C,

BN, AlN, MoS2 were added to improve the fracture toughness,

electrical properties and oxidation resistance of SiC.

Ternary compound Ti3SiC2 [6–10] possesses characters of

ceramics such as high melting point, high oxidation resistance,

thermal shock resistance and characters of plastic-like
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materials with low hardness as well. TiO2 and SiO2 are easy

to be formed on the surface of Ti3SiC2, which make Ti3SiC2

have a better oxidation resistance than BN and graphite and

become a very promising new soft ceramics material.

Structural ceramics with uniform distribution of second

phase, controlled grain size, free of impurity on the grain

boundary and multi-component constitution can be prepared by

chemical vapor deposition (CVD) process [11–14]. The

purpose of this study is to prepare a uniformly distributed

Ti3SiC2 dispersion phase on SiC matrix by CVD process and to

investigate the formation of phases and microstructures.

2. Experimental procedure

The deposits were prepared with a cold-wall CVD reactor

shown as Fig. 1. Graphite with an effective dimension of

40 mm � 12 mm � 2 mm was served as the substrate and the

heater as well. An infrared pyrometer was used for temperature

monitoring. The venting system was composed of a set of

pump, and pressure control valves were used to control the

pressure inside the reactor. Because the vented waste gases

contain chloride acid, a NaOH tower was installed for

neutralization purpose. H2, C3H8, TiCl4 and SiCl4 were chosen

as the reactive materials. Carbon source used C3H8 instead of
d.
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Fig. 1. Schematic illustration of CVD Si–Ti–C deposition system.
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CH4, due C3H8 contains more carbon to hydrogen ration than

CH4 source. TiCl4 and SiCl4 were liquids which used H2 as a

carrier gas to feed into a thermostat of TiCl4 and SiCl4. Then,

the saturated vapor was carried into the reactor. The flow rate of

hydrogen carrier gas is controlled by ball flow meter. And then

the flow rate of TiCl4 and SiCl4 are calculated by the equation

given as follows.

V l ¼
Pl

760� Pl

VH2
(1)

Where V l is the flow rate of TiCl4 or SiCl4. VH2
is the flow

rate of H2 which feed into the thermostat. Pl is the saturated

vapor pressure of TiCl4 or SiCl4 at setting temperature. Three

ball flow meter was used in our experiment to directly read out

H2 flow rate, one for main gas and others for carrier gases, and

then to calculate the flow rate of TiCl4 and SiCl4 by this

equation. Table 1 shows the process parameters in detail. In our

experiment, the deposition time is constant of 30 min. The

typical deposition rate is 20 mm/min at growth parameters of

1500 8C, 100 torr, C3H8 = 25 sccm, TiCl4/(TiCl4 + SiCl4) =

0.65 and H2 = 3000sccm.

The structures of deposits were analyzed with X-ray

diffraction (XRD). A scanning electron microscope (SEM)

was used to observe the surface morphologies of deposits.

Specimens for plain view and cross section view observations

were prepared by cutting, mounting, grinding and polishing

procedures. An optical microscope was used for the observation
Table 1

Lists of experimental parameters

Parameters Value

Deposition temperature 1300–1600 8C
Process pressure 40–300 torr

Deposition time 30 min

Flow rate

H2 2500 sccm

TiCl4 82 sccm

SiCl4 45 sccm

C3H8 25–35 sccm
of general features of the microstructure. Transmission electron

microscopy (TEM) was used to investigate the structure of

Ti3SiC2 phase in SiC matrix.

The mechanical property of deposits was evaluated with

Vickers micro-hardness measurement. The relationship

between hardness and loads was investigated on varying

applied loads for hardness measurements using a polished

specimen.

3. Results and discussion

3.1. Si–Ti–C system deposits

SiCl4, TiCl4 and C3H8 were used as the reactive gases

sources of Si, Ti and C. In the CVD reaction, there are several

phases deposited on graphite substrates. The constitution of

phases can be well controlled by varying pressure and

temperature at a fixed flow rate of reactive gases. Fig. 2 shows

XRD analysis of Si–Ti–C system growth on different

temperatures at fixed TiCl4 = 82 sccm, SiCl4 = 45 sccm, and

C3H8 = 25 sccm. The phases of SiC, TiC and Ti3SiC2 were

identified as the dominant phases in the film. Referring to

JCPDS cards, SiC which is ZnS structure with a lattice constant

of aSiC = 0.4358 nm is identified. TiC which is the NaCl

structure with a lattice constant of aTiC = 0.4327 nm is

identified. According to Goto and Hirai report [15], the

structure of Ti3SiC2 is hexagonal of D6h4-D63/mmc with a

lattice constant of aTi3SiC2
¼ 0:3064nm, cTi3SiC2

¼ 1:7650nm

and a theoretical density of 4.531 g/cm3. SiC and Ti3SiC2 are

dominant phases at 1300 8C. The peaks of XRD patterns are

identified in which the (1 1 1), (2 2 0), (3 1 1) are for SiC and

the ð1 0 1̄ 0Þ; ð1 0 1̄ 4Þ; ð1 0 1̄ 5Þ; ð1 1 2̄ 0Þ are for Ti3SiC2. The

appearing phases at 1400 8C are the same with those at

1300 8C. When the temperature is increased to 1500 8C,

Ti3SiC2 phase will disappear, and TiC and SiC phases appear in

the deposits. Since both of TiC and SiC are cubic structure and

with very close values of lattice constants, it is hard to

distinguish between SiC and TiC phases under the influence of

a thermal stress induced by cooling process in high temperature



Fig. 2. The XRD analysis of the Si–Ti–C system deposits at different reaction

temperatures: (a) 1300 8C, (b) 1400 8C,(c) 1500 8C, (d) 1600 8C; 100 torr;

C3H8 = 25 sccm, TiC4 = 82 sccm, TiCl4/(TiCl4 + SiCl4) = 0.65 and H2 =

2500 sccm.

Fig. 3. The XRD analysis of the Si–Ti–C system deposits at different total

reactive pressure: (a) 40 torr, (b) 100 torr, (c) 200 torr, (d) 300 torr; 1300 8C;

C3H8 = 25 sccm, TiC4 = 82 sccm, TiCl4/(TiCl4 + SiCl4) = 0.65 and H2 =

2500 sccm.

Fig. 4. The XRD analysis of the Si–Ti–C system deposits at different C3H8

concentrations: (a)25 sccm, (b) 35 sccm; 1400 8C; 100 torr;TiC4 = 82sccm,

TiCl4/(TiCl4 + SiCl4) = 0.65 and H2 = 2500 sccm.
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CVD. When we studied the pure b-SiC grown by CVD at

1500 8C, the XRD results showed that (1 1 1), (2 2 0) and

(3 1 1) were found but without (2 0 0) peak. In the Si–Ti–C

system, diffraction peak of (2 0 0) appeared for deposits of

1500 8C. Hence, we reasonably suggest that (2 0 0) peak is

caused by the presence of CVD TiC phase in the deposits to

form a SiC/TiC composite. The preferred orientation for the

deposits of 1500 8C is (2 2 0) with a narrow half-maximum line

breadth. The structure of the deposits at 1600 8C is the same

with that of 1500 8C which is composed of SiC and TiC.

Fig. 3 shows the results of XRD analysis for deposits

obtained with totally different pressure process. At pressure of

40 and 100 torr (1 mtorr = 0.1333 pa), Ti3SiC2 and SiC are the

dominate phases. With an increasing total pressure to 200 torr,

the formation of a mixture phase of TiC, SiC and Ti3SiC2 are

identified. Ti3SiC2 phase almost disappeared at pressure of

300 torr and only a two-phase of SiC + TiC existed. Racault

et al. [16,17] have performed an analysis of thermodynamics

for the CVD TiCl4–SiCl4–CH4 system at 1000 8C and 2–

50 kPa. They made a conclusion that no Ti3SiC2 will be formed

at 50 kPa and pure Ti3SiC2 phase will be obtained at low

pressure. When the pressure increases above 20 kPa,

Ti3SiC2 + TiC phase or Ti3SiC2 + TiC + SiC phase will be

obtained. The relative amount of Ti3SiC2 will be reduced with a

function of increasing pressure.

In the system of TiCl4, SiCl4, C3H8 and H2, the structure

analysis by XRD obtained with changing C3H8 concentration

from 25 to 35 sccm is shown in Fig. 4. SiC + Ti3SiC2 phases are

dominate at C3H8 = 25 sccm. When C3H8 concentration

increases to 35 sccm, the SiC + TiC phase is dominated in

the deposit. The carbon concentration increases in boundary
layer on substrate surface when the C3H8 concentration rises in

reaction chamber. The structure will be changed from

SiC + Ti3SiC2 to SiC + TiC for rich carbon equilibrium phase.

Fig. 5 shows the CVD phase map of the Si–Ti–C system

according to the XRD phase analysis. The map is composed of



Fig. 5. The CVD phase map of Si–Ti–C system: (a) C3H8 = 25 sccm; (b)

C3H8 = 35 sccm; (&) Ti3SiC2 + SiC; (*) SiC + TiC; (�) no-deposit.

T.-C. Lin, M.-H. Hon / Ceramics International 34 (2008) 631–638634
three regions corresponding to different temperatures and

pressure which are Ti3SiC2 + SiC, SiC + TiC and no-deposit.

According to Fig. 5(a) at C3H8 = 25 sccm, the phase of

Ti3SiC2 + SiC is found at low temperature and low pressure

region respective to the phase of SiC + TiC. Ti3SiC2 begins to

appear at 1300 8C and in pressure of 40, 100 or 200 torr. When

the temperature is kept at 1400 8C, Ti3SiC2 is obtained only at

pressure of 40 or 100 torr. The results shows the region of

Ti3SiC2 shrinks in pressure depend on the temperature

increasing. The SiC + TiC region is expanded at 1400 8C
which indicates the SiC + TiC is a more stable phase in higher

temperature. In Fig. 5(b) at C3H8 = 35 sccm, Ti3SiC2 can be

formed at 1300 8C and 1400 8C in pressure region of 40 and

100 torr. Comparing to Fig. 5(a) at C3H8 = 25 sccm, the

depositing region of Ti3SiC2 is shrunk. It indicates that

increasing the C3H8 concentration is unfavorable for the growth

of Ti3SiC2 and favorable for SiC + TiC. No deposit region,
which means without any deposit on substrates, is found at

1600 8C at 300 torr and C3H8 = 35 sccm. This phenomenon is

due to a homogeneous nucleation appeared in vapor phase at

such high temperature and high C3H8 concentration.

3.2. Microstructure

Surface morphologies of the deposits at various tempera-

tures are shown in Fig. 6. At 1300 8C, the deposit shows a plate-

like structure which is corresponding to Ti3SiC2. The plates

have a growth direction perpendicular to the substrate. Some

small particles with a shape of polyhedral cones can be found

between the plates. At 1400 8C, plate-like structures of Ti3SiC2

are still there. A large amount of small particles with polyhedral

cones appeared to cover all around of the Ti3SiC2 plates.

Ti3SiC2 with plate-like structure disappeared at 1500 8C, which

agrees with X-ray analysis results. It indicates no Ti3SiC2

existed. The deposit surface is covered with large particles of

non-polyhedral shape. The large particle is also covered with

tiny particles on surface. When temperature increases to

1600 8C, a facet morphology becomes clear in the deposit. A

sufficient thermal energy is supplied to atoms at high

temperature. Atoms actively diffuse into a favorite site for

reducing total energy. A planar surface with low energy is

formed, that is favors polyhedral cone formation.

As indicated in Fig. 3 for total pressure increasing from 40 to

300 torr, the phases of deposits will be changed from

Ti3SiC2 + SiC to SiC + TiC. Fig. 7 shows the transition of

morphologies observed by SEM. For deposits at 40–200 torr,all

of the morphologies are plate-like structures which are mainly

composed of Ti3SiC2. For the deposit at 300 torr, a facet is

obtained indicating that the deposit is mainly composed of

SiC + TiC.

Fig. 8 shows a top view of the deposit observed by an

optical microscope previous to polished specimen. Fig. 8(a) is

for temperature of 1400 8C and Fig. 8(b) is for 1500 8C. XRD

analysis shows that Ti3SiC2 + SiC are the dominate phases for

1400 8C. SiC + TiC are the dominate phases for 1500 8C. The

regions of white color in Fig. 8(a) and (b) are Ti3SiC2 and TiC,

respectively, since both of them are more reflective to light

than SiC. As indicated in the figures, the particle size of

Ti3SiC2 is larger than that of TiC. A cross sectional view of

the deposit at 1400 8C is shown in Fig. 9. A region with white

color is the structure of Ti3SiC2 and one with grey color is

SiC. From the microstructures known, the deposits are

columnar structures.

Fig. 10 shows the composition mapping of cross section with

Ti3SiC2 + SiC phases by WDS analysis. For the elements of Ti,

Si and C analysis, since white region is Ti3SiC2 and grey region

is SiC, therefore the results show that the content of silicon is

higher in grey region and lower in white region. From the point

of view in atomic percentage, there are 50 at% of Si in SiC but

only 17 at% in Ti3SiC2. To the contrary, element Ti shows a

higher value in white region and a lower value in grey region.

The distribution of C mapping is similar to that of Si.

Fig. 11 shows the microstructure of Ti3SiC2 + SiC binary

phase structure observed by TEM. Fig. 11(a) shows the dark



Fig. 6. Surface morphologies of the deposits of various deposition temperature observed by SEM: (a) 1300 8C, (b) 1400 8C, (c) 1500 8C, (d) 1600 8C, 1300 8C;

100 torr; C3H8 = 25 sccm, TiC4 = 82 sccm, TiCl4/(TiCl4 + SiCl4) = 0.65 and H2 = 2500sccm.
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field image. The schematic illustration for the distribution of

Ti3SiC2 and SiC is shown in Fig. 11(b). Some stacking faults

are observed in the grain of Ti3SiC2. Stacking fault with micro-

twin is found in grain B. The Ti3SiC2 phase is surrounded by

SiC phase. Diffraction pattern of grain A and B are shown in

Fig. 11(c) and (d). The orientation of ½2̄ 1 1 0�is identified to be

the zone axis [18]. A 70.58 mutual–rotate relationship for these
Fig. 7. Surface morphologies of the deposits of various deposition pressure obs

C3H8 = 25 sccm, TiC4 = 82 sccm, TiCl4/(TiCl4 + SiCl4) = 0.65 and H2 = 2500 sccm
two patterns can be observed which is the twin angle for the

<1 1 1> direction of FCC structure.

3.3. Hardness measurements

The mechanical properties of deposits are closely related to

the phase constitution and microstructure of the deposits.
erved by SEM: (a) 40 torr, (b) 100 torr, (c) 200 torr, (d) 300 torr; 1300 8C;

.



Fig. 8. The top view of polished deposits observed by optical microscopy: (a)

1400 8C, (b) 1500 8C; 100 torr; C3H8 = 25 sccm, TiC4 = 82 sccm, TiCl4/

(TiCl4 + SiCl4) = 0.65 and H2 = 2500 sccm.

Fig. 9. The typical cross sectional view of Ti3SiC2 + SiC deposited at 1400 8C,

40 torr, C3H8 = 25 sccm, TiC4 = 82sccm, TiCl4/(TiCl4 + SiCl4) = 0.65 and

H2 = 2500sccm observed by optical microscope.

Fig. 10. Composition mapping analysis by WDS for the cross section of the deposits

C mapping.
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Fig. 12 shows the results of the hardness measurements for

CVD of Si–Ti–C system. The hardness of deposits decreases

with the increase of applied load for measurements. Hardness

of the specimen at 1600 8C reaches HV 4612 with a 10 g load,

and reaches HV 2185 with a 200 g load. Hardness of the

specimen at 1300 8C is HV 4215 for a 10 g load, and HV 1678

for a 200 g load which are lower than those at 1600 8C. This is

mainly because the dominant structures are TiC + SiC phases

for the deposits at 1600 8C and Ti3SiC2 for the deposits at

1400 8C, respectively, as the hardness of TiC is higher than that

of Ti3SiC2. The hardness of Ti3SiC2 and SiC with larger grain

size measured with a load of 10 g is HV 1580 and HV 4960,
with Ti3SiC2 + SiC phases. (a) SEM image. (b) Ti mapping. (c) Si mapping. (d)



Fig. 11. Microstructure of Ti3SiC2 + SiC binary phase structure observed by TEM: (a) dark field image; (b) schematic illustration for the distribution of Ti3SiC2; and

SiC; (c) a diffraction pattern of grain A; and (d) a diffraction pattern of grain B.

Fig. 12. Hardness measurements for CVD Si–Ti–C deposits grown at 100 torr,

C3H8 = 25 sccm, TiC4 = 82 sccm, TiCl4/(TiCl4 + SiCl4) = 0.65 and H2 =

2500 sccm.
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respectively, which indicates that the hardness of Ti3SiC2 is

much less than that of SiC.

4. Conclusion

Ternary compound of Ti3SiC2 in SiC matrix can be

successfully deposited by controlling the experimental para-

meters of CVD. Ti3SiC2 + SiC are formed at 1300 8C and

1400 8C. For temperature above 1500 8C, TiC + SiC are

formed. The variation of pressure also affects the formation

regions of various phases. With low pressure, Ti3SiC2 is

facilitated to be formed. With high pressure, TiC is facilitated to

be formed. The increase of C3H8 concentration will cause the

disappearance of Ti3SiC2 phase and let the appearance of

TiC + SiC. The surface morphology of Ti3SiC2 is a plate-like

structure. The facet structures of TiC + SiC which were

obtained at high temperature are well defined. The deposits are

mainly grown as columnar structure. ½2̄ 1 1 0� is found to be the

zone axis of Ti3SiC2 by TEM analysis. Defects of twin and

stacking fault are observed in the matrix. The angle between

two Ti3SiC2 grains is 70.58. The hardness of Ti3SiC2 + SiC and

TiC + SiC is HV 4251 and HV 4612 for a load of 10 g,

respectively. For a load of 200 g, the hardness of Ti3SiC2 + SiC

and TiC + SiC is HV 1678 and HV2185, respectively.
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