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Silicon nitride containing various compositions of as-received TiC and TiN-coated TiC, were
hot pressed at 1800 °C for 1 h in a nitrogen atmosphere. In TiN-coated TiC/Si;N, composites,
TiC reacted first with the TiN coating to form a titanium carbonitride interlayer at 1450°C,
which essentially reduced further reactions between TiC and Si;N, and enhanced
densification. TiN-coated TiC/SizN, composites exhibited better densification, hardness,
flexural strength and fracture toughness than those of as-received TiC/Si;N,. The toughening
mechanisms for as-received TiC/Si;N, and TiN-coated TiC/Si;N, composite were attributed
to crack deflection, load transfer and crack impedence by the compressive thermal residual

stress.

1. Introduction

Silicon-based non-oxide ceramics have received much
attention on account of their two potential applica-
tions: engine components and cutting tools. Both of
these usages require good mechanical properties,
chemical stability and, especially, reliability at elev-
ated temperatures. Ceramic-reinforced silicon nitride
is known to be possibly one of the most utilized
materials for high-temperature structural applications.

The most notable mechanical properties of titanium
carbide at high temperatures are the high melting
point, extreme hardness and strength, good chemical
stability and adequate erosion and corrosion resist-
ance. Recently, silicon nitride toughened with tita-
nium carbide has been developed as a new class of
structural ceramic materials [1-4]. The toughness of
silicon nitride has been reported to be enhanced more
than 50% by the incorporation of TiC particulates
[1]. Another advantage of incorporating TiC into
SizN, is that the conductivity of SizN, can be sub-
stantially increased which, consequently, makes elec-
tric discharge machining (EDM) possible [2]. One
drawback with the TiC/Si;N, was, however, that the
chemical reactions between TiC and SizN, could de-
grade somewhat the hardness, fracture toughness, and
high-temperature strength [3, 5, 6].

It has been reported [ 7, 8] the TiN was quite chem-
ically stable in SizN, up to a temperature of 1800 °C.
The effectiveness of coating TiN on ceramic powders
for successfully improving the properties of sintered
bodies, has also been reported [9, 10]. In the present
study, TiN was selected for coating on to the TiC

00222461 © 1996 Chapman & Hall

particulates via a chemical vapour deposition (CVD)
method before adding into the SizN, matrix. The
microstructure and phase development in both
as-received TiC/Si;N, and TiN-coated TiC/SizN,4
composites were investigated and the resuits were
compared with calculations derived from thermodyn-
amic considerations. Some mechanical properties
were evaluated and correlated with the developed
microstructure.

2. Experimental procedure

2.1. Powder preparation

Silicon nitride powder (LCI2, H.C. Stark, Goslar,
FRG), size 0.6 pum, was mixed with yttria (5603,
Molycorp, White Plains, NY, 1.8 um) and alumina
(16 SG, Alcoa, Bauxite, AK, 0.5 um) in a polyurethane
bottle with high-purity alumina balls and ethanol for
22 h. The ratio of ball to charge to vehicle was 6:1:5
by mass.

Titanium carbide (T-1251, Cerac, Milwaukee, Wi,
USA) powders, size 10 um, were uniformly placed
inside an alumina crucible, set in conventional CVD
reaction furnace. A schematic drawing of the CVD
apparatus is shown in Fig. 1. The reaction gases used
were TiCl, (8 cm®min 1), nitrogen (270 cm3min 1)
and hydrogen (290 cm®min~!). The TiN was depos-
ited at 1050°C under 1 atm pressure for 1.5 h. The
TiN-coated TiC (CVD-TiC) powders were then
ground and screened through a 325 mesh screen.

Both TiN-coated TiC and as-received TiC powders
(10%, 20%, 30% total volume) were separately
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Figure 1 Schematic diagram of the experimental apparatus for
CVD-TiN.

dispersed by means of an ultrasonic probe in ethanol,
added to the SizN4 slurry and milled for 2 h. The
slurry was then ultrasonically dispersed for an addi-
tional 3 min and dried in a rotating vacuum conden-
ser. Dried agglomerates were ground with an alumina
mortar and pestle, and screened through a 100 mesh
screen to pulverize the aggregates.

2.2. Analysis of TiN-coated TiC powders
The phases of CVD-processed TiC-powders were
determined by X-ray diffractometry (Rigaku D/Max-
IIB) using a copper target and nickel filter. The surface
and cross-section of coated powders were examined
by scanning electron microscopy (SEM). The distribu-
tion of elements were analysed by X-ray dot mapping
and elemental line scanning by wavelength dispersive
spectrometry (SEM-WDS Jeol JSM-35). The thermal
stability and weight change were determined by differ-
ential thermal analysis (DTA) and thermogravimetric
analysis (TGA) (Setaram TAG24) at 1450 °C under
1 atm nitrogen for 0.5 h.

2.3. Hot pressing

Samples were hot pressed at 1800 °C in nitrogen in
a graphite furnace (Fuji Dempa High Mylti 5000) for
1 h under a pressure of 24.5 MPa.

2.4. Microstructural analysis

The microstructural analysis of hot-pressed com-
posites was similar to that conducted for CVD-TiC
powders, except that the hot-pressed samples were
additionally scanned from 113°-128° with a low
scanning rate of 1°min~! by X-ray diffraction for
phase identification.

2.5. Density and mechanical properties
The density was measured by the water displacement
technique.

Flexural strength was measured in a four-point
bending test on a universal testing machine (Shimadzu
AGS 500D) at a displacement rate of 0.5 mmmin~*.
The outer and inner spans were 30 and 10 mm, respec-
tively. The nominal dimensions of the testing bars
were 3 mm x 3 mm x 45 mm with 45° edge chamfers.

Hardness was determined by applying a microhard-
ness indent (Vickers, Hy, Akashi AVK-A) at 50 kg for
15 s. Fracture toughness was measured and calculated
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following Evans and Charles’ derivation [11] using
the indentation technique. Fracture surfaces and crack
propagation behaviour were scrutinized using optical
microscopy and SEM.

3. Results and discussion

3.1. Analysis of TiN-coated TiC powders
The X-ray diffraction profiles of as-received TiC and
CVD-TiC powder are both shown in Fig. 2. No trace
of phases other than TiN and TiC could be detected in
CVD-TiC powders. The scanning electron micro-
graphs exhibited a uniform, grainy layer of TiN on the
surfaces of TiC particles (Fig. 3) [9,10]. Measure-
ments of the cross-section of CVD-TiC particles in-
dicated the thickness of the grainy layer was 1-2 pm.

3.2. Chemical interactions

A scanning electron micrograph of TiC/SizN, hot
pressed at 1800 °C for 1 h in a nitrogen atmosphere is
shown in Fig. 4a. TiC particles, with surrounding
pores, became irregular and isolated islands after
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Figure 2 X-ray diffraction profiles of (a) TiN-coated TiC, and
(b} as-received TiC.
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Figure 3 Scanning electron micrograph showing a cross-section of
TiN-coated TiC.
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Figure 4 (a) A typical scanning electron micrograph of as-received TiC/SizsN4 composite, and (b) a schematic representation of (a). Samples

were hot pressed at 1800°C, 1 h, in a nitrogen atmosphere.

sintering. This was probably due to the chemical reac-
tions which occurred between the SisN, matrix and
TiC, associated with the evolution of nitrogen gas
during hot pressing, as previously reported [5,6].

A wavelength-dispersive spectrometer was used to
analyse the distribution of elements carbon, nitrogen,
titanium and silicon in Fig. 4a, and are shown in
Fig. 4b. Reactants were found inside or between TiC
particles and identified as B-SizN,, a mixture of TiC,
titanium carbonitride, SiC and a trace of iron silicide
[6].

Low-angle X-ray analysis from 20°-80° with
a scanning rate of 4°min~! was unable to discern
differences in phases between samples containing as-
received TiC and CVD-TiC. They were therefore fur-
ther analysed separately by XRD at a low scanning
rate of 1°min~! from 113°-128°. Results indicated
that slightly larger amounts of titanium carbonitride
solid solution and SiC phases were detected in CVD-
TiC/Si3N, samples than in TiC/SizN,.

According to previous reports [7, 8], there was no
noticeable chemical interaction between TiN and
SisN, up to a temperature of 1800°C. DTA/TGA
analysis was therefore focused on TiN-coated
TiC/SisN, samples to investigate the possible interac-
tions between the TiN coating and TiC. Because it was
formerly reported that TiC could react with nitrogen
to form titanium nitride at temperatures above
1500°C in a nitrogen atmosphere [12], a holding
temperature of 1450°C, 0.5 h, in 1 atm N, with a heat-
ing rate of 10°Cmin~! was selected for conducting
the DTA/TGA analysis.

DTA results indicated that both heat absorption
and exothermic peaks were observed at 1200 °C duzr-
ing the heating and cooling cycles for TiN-coated
powders, which were not evident in as-received TiC.
In addition, the TiN-coated TiC powders had an
obvious weight loss of 1mg during the holding

TiC
(111
TiC
TiN-coated TiC (200
after DTA
analysis JLPCN TiCN

TiN-coated TiC

before DTA

analysis TiN || TiN
L L

TiC before
DTA analysis

TiC after
DTA analysis J

FRFF

o e

20 25 30 35 40 45 50 55 60 66 70 75 80
20 {deg)

1 !
g T

Figure 5 Results of X-ray diffraction profiles of TiC and TiN-
coated TiC powders before and after DTA/TGA analysis.

period of 1450°C but not in the as-received TiC
powders.

Further examination by X-ray diffraction was
conducted on both TiN-coated and as-received
TiC powders after being tested by DTA/TGA at
1450°C (Fig. 5). The preferred texture was progress-
ively altered from (200} to (1 11) after heat treatment
conducted during the DTA/TGA test. Additionally,
after the DTA/TGA test at 1450°C, TiN peaks had
a tendency to move towards TiC to form a Ti(C,N)
solid solution.

Using the same derivation as reported previously
[6], and assuming the solid solution of titanium
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carbonitride to be ideal, the composition of titanium
carbonitride solid solution in Fig. 5 could be deter-
mined from the measured lattice parameter by X-ray
diffraction profiles and Vegard’s law [13,14]. A com-
position of TiCy 13N g7 was then obtained in TiN-
coated TiC powders after being heat treated at
1450°C, 0.5 h, in 1 atm N, atmosphere.

Polarized high-resolution optical microscopy was
used to examine finely polished TiN-coated TiC/
Si3N,4 composite after being hot pressed at 1800 °C,
1 h. Observations revealed that the TiC particulates
were uniformly coated by dense peripheral layers with
a thickness of approximately 1.5 um. Further exam-
ination by line scanning pointed out that the major
clements in the layers were titanium, nitrogen and

Figure 6 Line scanning of titanium, carbon, silicon and nitrogen
elements along a line across the interfaces in a TiN-coated
TiC/SizN, composite.

<
=
o
o
>
x
<
(]
0
x

carbon (Fig. 6). Results suggested that the interfacial
layers could probably be titanium carbonitride.

A scanning electron micrograph of CVD-TiC/
Si3N, composite hot-pressed at 1800°C for 1h in
a nitrogen atmosphere is shown in Fig. 7a.
A wavelength-dispersive spectrometer dot mapping
was used to analyse the distribution of elements sili-
con, titanium, carbon and nitrogen. A sketch was then
made (Fig. 7b) to express the overall distribution of
elements in Fig. 7a, where three distinct areas are
discernible. They were identified as TiC, Ti(C,N) and
B-SizN, phases.

In as-received TiC/Si3N, samples, the titanium car-
bonitride solid solution was formed by the reactions
between silicon nitride and TiC particulates during
hot pressing at 1800°C [5,6]. Nevertheless, in CVD-
TiC/SizN, composites, the formation of titanium
carbonitride solid solution started via the reactions
between the TiC and TiN coating at 1450°C, a tem-
perature substantially lower than the dissociation
temperature of silicon nitride [15]. A direct reaction
between TiC and SizN, at elevated temperatures
could therefore be avoided owing to the formation of
titanium carbonitride.

3.3. Thermodynamic considerations

Pastor [14] investigated the thermodynamic stability
of TiC; - N, and defined the domain of existence of
TiC; N, in a (In Py,)-T-x diagram. Following the
same derivations by Pastor, plots of In Py, versus x at
fixed temperatures of 1450 and 1800°C could be
drawn (Fig. 8a,b). These figures are very useful be-
cause, for a given concentration, x, and experimental
nitrogen atmosphere, they allow us to predict the
present phases. Fig. 8a and b shows marked bound-
aries of the four following domains: TiC;_,N, plus
titanium, pure TiC; _ N, TiC, _ N, plus carbon, and
TiN plus carbon.

[Ti,C]

(b}

Figure 7 (a) A typical scanning electron micrograph of CVD-TiC/Si3N, composite, and (b) a schematic representation of (a). Samples were

hot pressed at 1800°C, 1 h, in a nitrogen atmosphere.
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Figure 8 The equivalent partial pressure of nitrogen gas versus the
composition, x, in Ti; -, N, at (a) 1450°C, and (b) 1800°C.

A point corresponding to the experimental condi-
tions of 1 atm N, pressure, 1450 °C, and a composi-
tion of TiCy ;3N g7, Was slightly below the boundary
line and within a region where the TiC;_,N, was
stable (Fig. 8a). This is consistent with the observation
of titanium carbonitride solid solution from X-ray
diffraction results (Fig. 5).

The boundary lines in Fig. 82 moved upwards as
the temperature was increased to 1800°C (Fig. 8b),
indicating that a region with the coexistence of tita-
nium carbonitride and carbon was passed through,
with increasing temperature for TiN-coated TiC/
Si;N, samples sintered at 1 atm N, pressure. This was
probably why the SiC phase was observed in samples
sintered at 1800 °C.

Based on the microstructural analysis and X-ray
diffraction results, the reactions in TiN-coated TiC/
SizN4 and as-received TiC/SizN, could, respectively,
be expressed by the following equations [6, 14].

In TiN-coated TiC/SizN,

(1 —x)TiC + xTiN = TiC,_,N, (1)
TiC; Ny + (' — x)/2 N = TiC; _ Ny + (x' — x)C
(x' = x) @

In as-received TiC/SisN,
TiC + x/2N, = TiC,_,N, + xC (3)

By substituting T = 1450 °C and x = 0.87 into Equa-
tion 1, AGi 450 = — 42567 calmol ! can be obtained,
which is much more negative than the change of
standard Gibbs’ energy in Equation 3. This indicates
that the formation of titanium carbonitride solid solu-
tion was thermodynamically possible in TiN-coated
TiC/SizNy at 1450°C, but not as evident in as-re-
ceived TiC/Si3N,. This is quite similar to what was
observed in X-ray diffraction analysis (Fig. 5).

Because the formation of titanium carbonitride in
CVD-TiC/Si13N, occurred at 1450°C, which was
much lower than the decomposition temperature of
SizN,, the nitrogen source for Equation 2 was very
likely from the nitrogen atmosphere. In addition, the
formation of TiC,; _ N, could inhibit further interac-
tions between the TiC particles and the Si;N, matrix
at elevated temperatures.

3.4. Physical and mechanical properties
3.4.1. Density

The measured bulk density of TiC/Si;N, composite
increased with TiC contents because the theoretical
density of TiC (p = 4.93 gem ™ ?) is substantially grea-
ter than that of monolithic Si;N, (p = 3.256 gecm ™ 3).
Because the theoretical density of the composite was
difficult to determine, owing to the uncertain density
of interfacial phases, the open porosity was measured
as an indication of densification. The open porosities
of samples containing up to 30 vol % as-received and
CVD-coated TiC, hot pressed at 1800°C, 1 h, in 1 atm
N, atmosphere, are shown in Fig. 9. The open poros-
ities of both composites were found to increase as the
TiC content increased. Additionally, the composites
containing CVD-coated TiC had considerably less
pore volume than that of samples containing as-re-
ceived TiC. The differences in porosity became greater
with increasing TiC contents.

Optical micrographs of polished surface revealed
interfacial pores near the interfaces in a CVD-TiC/
Si;N,4 composite, but pores were not obvious in TiN-
coated/Si3N,. This strongly suggests that the TiN
coating played an extremely essential role in diminish-
ing the reactions between the TiC and Si;N,, and thus
reduced pores and enhanced the densification.

3.4.2. Hardness and flexural strength
The hardness of CVD-TiC/Si;N, and as-received
TiC/Si3N, composites versus TiC content are shown
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Figure 9 Open porosity of as-received TiC/SizN, and CVD-
TiC/Si;N, composites versus TiC content. Samples were hot
pressed at 1800°C for 1 h, in 1 atm N,.
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Figure 10 Hardness of CVD-TiC/Si;N, and as-received TiC/SizNy
composites versus TiC content. Samples were hot pressed at 1800 °C
for 1 hin 1 atm N,.

in Fig. 10. The hardness of CVD-TiC/SizN, was con-
sistently greater than that of as-received TiC/SizNy
composites, and reached a maximum value at 20% TiC.

The four-point bending strengths of CVD-TiC/
SizN, and.as-received TiC/SizN, composites versus
TiC content are plotted in Fig. 11. Results indicated
the strength decreased with increasing TiC content.
The physical mismatch and chemical reactions be-
tween TiC and SizN, probably caused a decrease in
hardness and strength in samples with high TiC con-
tent. The degradation was particularly phenomenal in
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Figure 11 Flexural strength of CVD-TiC/Si;N, and as-received
TiC/SisN, composites versus TiC content. Samples were hot
pressed at 1800°C for 1 h in 1 atm N,,.

composites containing uncoated TiC.

Following Evans and Faber’s analysis [16], a criti-
cal particle size for spontaneous microcracking to
occur in TiC/SizsN, composites was calculated as
17 pm. Some TiC particles up to this size were ob-
served from scanning electron micrographs. The spon-
taneous microcracking induced by large TiC particles
could be one factor responsible for the decrease in
strength with the addition of TiC.

3.4.3. Fracture toughness and toughening

mechanisms

Fracture toughness measured by the surface indenta-
tion technique [11] for composites containing various
compositions of as-received and CVD-TiC are shown
in Fig.12. A maximum toughness value of
6.9 MPam'/?, approximately 25% higher than that of
monolithic Si;N, processed under the same experi-
mental conditions, was obtained in 20 vol % CVD-
TiC/SizN, samples. A tendency of decreasing tough-
ness was observed in composites with 30% TiC. This
was probably due to the inhibition of B-Si;N, grain
growth and difficulties in dispersion as the TiC
content increased [17]. The fracture toughness of
composites with CVD-TiC was invariably greater
than that of samples with as-received TiC. This was
possibly because the TiN coating efficiently reduced
the reactions between TiC and Siz;N, and reduced
interfacial pores.

" Examination of as-received TiC/Si;N, by scanning
electron microscopy clearly illustrated that cracks
propagated into TiC particles, and were deviated
along preferred orientations with large angles [17].
Some branching and microcrackings were also ob-
served inside TiC.

The crack propagating behaviour in CVD-
TiC/SizN, composites was quite different, however.
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Figure 12 Fracture toughness of (&) as-received TiC/SisN. and
(% ) CVD-TiC/SizN, composites versus TiC content. Samples were
hot pressed at 1800°C for 1 h in 1 atm N,.

The cracks did not pass into TiC particles, but
propagated along the interfaces between TiC and
Si,N, instead. The differences in thermal expansion
coeflicients (TCE) and elastic modulus between SizN,,
TiC and TiN, caused compressive hoop stress and
tensile radial stress near the interfaces. This is parti-
cularly phenomenal in composites containing TiN-
coated TiC, because the TiN had an exceptionally
large value of TCE (o = 9.4 x 107¢°C ™). The re-
sidual stress could therefore deflect an approaching
crack and enhance fracture toughness [8,17,18].

The interfacial bonding between TiC and SizN,
appeared reasonably good from the examination of
scanning electron micrographs and the observation of
secondary fracture with typical brittle patterns of mir-
ror and hackle in the TiC particles [17]. That load
transfer from the matrix to a higher Young’s modulus
dispersoid could be an effective toughening mecha-
nism in ceramic matrix composites was previously
reported [19,20]. The Young’s modulus of TiC
(E =429 GPa) is considerably higher than that of
Si;N, (E = 304 GPa). The load-transfer mechanism
could, therefore, also play a role in the toughening
effects.

The thermal mismatch between TiC and SizN,
could generate periodic residual tension in the TiC
particles and residual compression in the matrix in the
composites. Estimated values of increased toughness
due to the periodic residual stress were calculated
following Taya et al. and Cutter and Virkar’s analyses
[21,22]. The calculated values were greater than the
measured toughness, however.

In brief, the toughening mechanisms in TiC/SizN,
and TiN-coated TiC/Si;N, composites would be at-
tributed to crack deflection, load transfer and crack
impedence by the periodic compressive residual
stress. A more uniform TiN coating, through a better
coating technique, would definitely improve the
toughness.

4. Conclusions

1. A TiN layer has been successfully coated on the
TiC powders by the CVD method. The formation of
titanium carbonitride solid solution (TiCy 13Ny s7)
occurred at 1450 °C by the reaction of TiN and TiC in
a TiN-coated TiC/Siz;N, composite, which effectively
reduced the subsequent interactions between TiC and
SizN, and enhanced the densification.

2. The observation of SiC phase was explained
from plots of nitrogen partial pressure versus com-
position, x, at fixed temperatures. The mechanisms of
the formation of titanium carbonitride in CVD-
TiC/Si;N, and as-received TiC/SizN; were proposed
based on thermodynamic calculations and phase
analysis.

3. TiN-coated "TiC/SizN, composites exhibited
less pore volume, greater hardness, flexural strength
and toughness than those of as-received TiC/SizN,
samples.

4. Cracks propagated into TiC particles, and devi-
ated along preferred orientations with large angles in
as-received TiC/SizN, samples, whereas in TiN-
coated TiC/SizN, composites, cracks propagated
along the interfaces between the TiC and SizN,
matrix.

5. The toughening mechanisms in TiC/SizN, and
TiN-coated TiC/Si3sN, composites have been at-
tributed to crack deflection, load transfer and crack
impedence by compressive thermal residual stress.
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