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Abstract

In order to improve the elevated strength and thermal shock resistance of TiC materials, 20vol% short carbon fiber-reinforced
TiC composite (C¢/TiC) was produced by hot pressing. With carbon fiber addition, the strength and fracture toughness of TiC is
increased remarkably, and the elastic modulus and thermal expansion coefficient are decreased. The strength value of Cy/TiC
composite is 593 MPa at room temperature and 439 MPa at 1400°C, and the fracture toughness value at room temperature is 6.87
MPa m!/?. The thermal stress fracture resistance parameter, R, thermal stress damage resistance parameter, R'V, and thermal stress
crack stability parameter, Ry, are all increased. The residual strength decreases significantly when the thermal shock temperature
difference, AT, is higher than 900°C, and the residual strength is 252 MPa when AT is 1400°C. Carbon fiber reinforced-TiC com-
posite exhibits superior resistance to thermal shock damage compared with monolithic TiC. The catastrophic failure induced by

severe thermal stresses can be prevented in Cy/TiC composite. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

As one of the most promising high-temperature cera-
mic materials, TiC has been under active development
for demanding elevated temperature applications for its
unique combination of higher melting point (~3067°C),
good strength, good thermal stability and corrosion resis-
tance.!> However, like most other kinds of ceramics it has
a tendency toward catastrophic failure, especially upon
severe thermal shock (a sudden change in temperature),
which remains a major obstacle to its more widespread
utilization. TiC can be toughened and strengthened with
the addition of particles (such as SiC, TiN, WC, NbC and
TiB,)?> and/or metal elements (such as Ni, Mo, Cr, Co,
etc.).!'® Unfortunately, the toughness of TiC materials
reinforced by ceramic particles needs to be further
improved to withstand the thermal shock, and the rela-
tively low melting point of the metallic binder alloys Ni—
Mo, Ni-Mo-Al, Ni-Cr and Ni-Co—Cr? limits the
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application of these TiC materials reinforced by metal
elements at higher temperature (such as 1400°C).
Recently, it has been shown that intermetallic aluminides
can be utilized as binder phase to prepare TiC composites,
such as TiC-Ni3Al” and TiC-FeAl.3° These composites
were found to have promising mechanical properties
comparable to that of commercial TiC-Ni. Durlu has also
reported TiC-iron silicide and TiC-iron aluminide com-
posites possessing high hardness and good bending
strength.'® Nevertheless the high temperature strengths
of these materials need to be further improved.

In order to avoid or mitigate catastrophic failure of
monolithic ceramics during thermal shocking, ceramic
matrix composites reinforced by fibers, whiskers and
particles have been widely researched and developed.!'!
Various thermal shock studies have been conducted in
this field, mainly studying Al,O3, ZrO,, SiC, SizNy, SiO,
and their composites.'>~!* These studies show that whis-
kers or short fibers or long fibers additions increased the
thermal shock resistance of the composites. The research
work of Kamiya et al.!> on the TiC ceramics reinforced
by 10 vol.% SiC whiskers has shown that SiC whiskers
remarkably increased the fracture toughness and strength
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of TiC, which demonstrates a bright prospect of ceramic
whisker or fiber in strengthening TiC. Unfortunately, a
drawback to the use of whiskers has been identified that
the whisker is a potential health hazard.'® The feasibility
of carbon fibers as structural materials in aerospace and
aeronautic industries has been demonstrated, considering
their high strength, low density and good thermal stabi-
lity, and also they are very good reinforcements in
strengthening or/and toughening ceramics and improv-
ing thermal shock resistance of ceramics. For examples,
carbon fiber reinforced SiC composites ! and carbon
fiber reinforced SiO, composites '4 exhibit good high
temperature strength, toughness and high thermal shock
resistance. However, to date, few studies have been car-
ried out on TiC composites reinforced by carbon fibers.

In this study, in order to improve the elevated tempera-
ture strength and thermal shock resistance of TiC so as to
extend the applications in high temperature environment,
TiC composite containing 20 vol.% short carbon fibers
(C¢/TiC) is prepared by hot pressing, and the effect of
carbon fibers on the elevated temperature strength and
thermal shock resistance of the composites is investigated.

2. Experimental procedure

The characteristics of the commercial TiC powders
and short carbon fibers used as starting materials in this
study is given in Table 1. TiC powders and 20 vol.%
carbon fibers were mixed in ethanol for 24 h in a plastic
jar before compaction. Zirconia balls 5-10 mm in dia-
meter were used as milling balls. The resulting slurry
was dried at 100°C, and then compacted by cold press-
ing at 200 MPa in a steel mould. The compacted sam-
ples were hot pressed in a graphite mould to discs of
55mm in diameter and 10 mm in height at 2100°C under
30 MPa for 1 h in a vacuum of 1.3x1073 Pa. For com-
parison with the C;/TiC composite, monolithic TiC was
also produced using the same hot-pressing technique.

Table 1
Characteristics of carbon fiber and TiC

The flexural strength was measured by a three point
bending test with a span of a 20 mm and a crosshead of
0.5 mm/min at room and high temperature. The
dimension of flexural strength test bars was 30x3x4
mm?. Strength measurement was carried out in air at
room temperature and in an argon atmosphere at high
temperature on an Instron-type machine. To measure
strength at high temperature, the samples were placed in
an electric furnace and held at the required temperature
for about 10 min. Temperatures were measured with Pt-
Rh thermocouples placed near the samples. Fracture
toughness was evaluated by a single-edge notched beam
test with a span of a 16 mm and a crosshead speed of
0.05 mm/min using test bars of 2x4x20 mm? with a
notch of 2 mm in depth and 0.2 mm in width. Load-
strain curves were recorded by attaching strain gauges
to the tensile surfaces of specimens. All flexural bars
were fabricated with the tensile surface perpendicular to
the hot-pressing direction. The density was measured by
the Archimedes water-immersion method.

Thermal expansion only along the direction vertical
to the hot-pressing direction was measured from room
temperature to 1000°C with a commercial thermo-
mechanical analyzer. The specimen size was 3x4x10
mm?>. Measurement of thermal diffusivity along the
direction vertical to the hot-pressing direction was car-
ried out using a laser-flash technique, and the specimen
size was ¢10x(1.5-2) mm?.

In order to evaluate the thermal shock resistance, a
water quenching tests under argon atmosphere were
conducted. Sets of five or six specimens were held at a
predetermined temperature for 10 min on a SiC board
which was then tilted to drop the specimens into a con-
tainer of room-temperature water. The residual strengths
of the shocked specimens were measured under the same
conditions as those of the unshocked ones. The micro-
structure and the fracture characteristics of Cg/TiC
composites before and after thermal shock were exam-
ined using a scanning electron microscope (SEM).

Carbon fiber TiC
Density, g/cm? 1.76 4.93
Purity, % >98 >98
Size 2 mm in length and 6-8 pm in diameter Average diameter of 2.5 um

Thermal expansion coefficient, x 1076 K~!

Elastic modulus, GPa 230
Poisson’s ratio

Melting point, °C
Thermal conductivity, W m~! K~! 55.8
Strength, MPa
Elongation, % ~14

—1.0 to —0.5 (fiber axial direction)
7-12 (fiber radial direction)

3400 (sublime)

7.76 (293-1300 K)
10.4 (1300-2300 K)
460500

0.25

3067

33.67

~2700 (tensile strength) -

<0.5
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3. Results and discussion
3.1. Microstructure

Fig. 1 is a micrograph of the polished surface of the Cy/
TiC composite, revealing that the carbon fibers were uni-
formly distributed in the TiC matrix. Although raw car-
bon fibers possess a high aspect ratio, ~300 (2000 pm in
length, 7 pm in diameter), and they are prone to be twisted
during mixing, the wet ball-milling technique can effec-
tively prevent fibers from aggregating. On the other hand,
the length of the fibers exposed on the polished surface of
the specimen is about 20-180 um (average length is esti-
mated as ~ 120 pm), which is much less than the initial
length (2000 um) of the fibers. In fact, it is also very
difficult to find a longer fiber (> 500 um) on the polished
surfaces, indicating that the length of the fibers has been
remarkably changed after the ball-milling and hot-
pressing processes. The fiber length decreasing may be
explained as follows. Firstly, fibers are damaged and
then fractured due to the colliding of the milling balls,
which is the main reason for the shortened fibers. Sec-
ondly, some fibers fractured due to the volume shrink-
age of the green bodies during hot pressing.

The relative density of monolithic TiC is 98.2%, which is
higher than that of the C¢/TiC composite (97.6%). It is
difficult to get a full dense monolithic TiC at 2100°C with-
out any sintering aid, '8 the difficulty of TiC densification is
increased when carbon fiber is added due to the fiber brid-
ging effect.!” Therefore, the relative density of the Cg/TiC
composite is lower than that of monolithic TiC.

3.2. Elevated temperature strength

Degradation of fracture strengths of monolithic TiC
and the C/TiC composite at elevated temperature are

Fig. 1. The micrograph of a polished surface of the C¢/TiC composite,
showing a uniform distribution of carbon fibers.

found in Fig. 2. For monolithic TiC and the C;/TiC
composite, the room temperature flexural strengths
were maintained for the most part up to 1000°C, fol-
lowed by a drastic drop in strength between 1000 and
1400°C. However, a higher flexural strength than that of
monolithic TiC has been measured in the C¢/TiC com-
posite at all testing temperatures as a result of the addi-
tion of carbon fibers. Especially at 1400°C, the strength
of the composite is 439 MPa, an increase of 78% over
that of monolithic TiC (247 MPa). The increase in
strength at 1400°C is much higher than that at room
temperature (78 and 26%, respectively), which shows
that the strengthening effect of carbon fiber on TiC is
more prominent at elevated temperature. The brittle—
ductile transition temperature of TiC is around 800°C,%°
and the strength generally decreases when the tempera-
ture is higher than 800°C,?! the strength of the compo-
site also decreases accordingly as temperature increases.

Fig. 3 shows the fracture surfaces of the C¢/TiC com-
posite fractured at room temperature (Fig. 3a) and
1400°C (Fig. 3b). The two fracture surfaces (Fig. 3a and
b) are similar, and the pullout length of the fibers on the
two surfaces is 2-30 um, much less than the average
length of the carbon fiber exposed on the polished sur-
face of the specimen (~120 um, see Fig. 1), which
implies that the fiber fractured and then were pulled out
from the TiC matrix during the fracture process of the
composite. Thereby, the higher fracture strength is
undoubtedly the direct contribution of the high strength
of carbon fiber to the composite.

3.3. Thermal shock resistance
The curves of the residual strength, o,, of monolithic

TiC and the Cg/TiC composite versus water-quenching
temperature difference, AT, are plotted in Fig. 4. o, of

800
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» g
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—0— TiC
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Fig. 2. Flexural strengths of the C¢/TiC composite and monolithic TiC
versus testing temperatures.
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Fig. 4. Residual strength of monolithic TiC and the C;/TiC composite
thermally shocked versus thermal shock temperature differences.

the monolithic TiC possesses a significant portion of its
original strength up to AT = 600°C, and decreases
rapidly when AT exceeds 600°C. For the C¢/TiC com-
posite, o, maintains for the most part up to 900°C, fol-
lowed by a drastic drop from 900 to 1400°C. o, of Cy/
TiC composite is 252 MPa at AT = 1400°C, which is
higher than that of monolithic TiC (153 MPa). Fig. 5
shows the curves of the residual strength rate (the ratio
of residual strength, o, to original strength, oq) of
monolithic TiC and the C;/TiC composite, the changing
trend of residual strength rate versus AT is similar to
that of residual strength. Therefore, the addition of
carbon fibers to TiC increases not only the critical tem-
perature difference, AT, for strength degradation but
also the residual strength rate from 600 to 1400°C.
Consequently, the thermal shock resistance of TiC is
increased by the addition of carbon fibers.
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Fig. 5. Residual strength rate of monolithic TiC and the C¢/TiC com-
posite thermally shocked versus thermal shock temperature differ-
ences.

In order to further evaluate the thermal stress crack
initiation and propagation behavior of Cg/TiC compo-
sites, three thermal shock resistance parameters are used:
thermal stress fracture resistance parameter, R, thermal
stress damage resistance parameter, RV, and thermal
stress crack stability parameter, Ry. These parameters are
usually used to evaluate the thermal shock properties of
ceramics,'!> 22 23 and they are defined, respectively, as
follows:

o(l —v)

I S 1
R=—0F (1)
RY = Ey/[o*(1 — v)] ~ (Kic/0)*/(1 = v) )
Ry = [n/(PE)'? A3)
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where o is the tensile strength of the material, v is Pois-
son’s ratio, « is the thermal expansion coefficient, E is
the elastic modulus, yr is the fracture surface energy,
and Kjc is the fracture toughness. R represents the cri-
tical temperature difference, AT, to which a body can
be subjected without the initiation of fracture under
steady state heat flow or severe transient thermal con-
dition.?? R" decides the resistance to catastrophic crack
propagation of ceramics under a critical temperature
difference, AT..>> R, indicates the resistance to crack
repropagation after a critical temperature difference,
AT.. From these three equations, high values of RY
required TiC with a large F and v and low o, whereas
just the opposite is desired for TiC with high values of
R. Therefore, these basic properties of TiC, such as o, FE,
Kic, a, and yr need to be considered synthetically in
improving thermal shock resistance of TiC.

Table 2 gives the mechanical and thermophysical
properties of monolithic TiC and the C¢/TiC composite.
With carbon fiber addition, the strength, fracture tough-
ness and thermal diffusivity of TiC are increased, and the
elastic modulus and thermal expansion coefficient are
decreased. The thermal shock parameters are also calcu-
lated and given in Table 3. The thermal stress fracture
resistance parameter, R, the thermal stress damage
parameter, R'V, and thermal stress crack stability para-
meter, Ry, of TiC are greatly increased with fiber addi-
tion. The increases of R, RV and Ry are 76, 81 and
138%, respectively. The results above further confirm

Table 2
Properties of monolithic TiC and Cg/TiC composite
TiC Cy/TiC
Relative density, % 98.2 97.6
Elastic modulus, GPa 467+31 4164+ 38
Flexural strength, MPa 471£57 593449
Fracture toughness, MPa m!/? 4.0640.53 6.874+0.72
Thermal expansion coefficient 7.73 6.22
(20-1000°C), x10=¢ K~!
Thermal diffusivity (400°C), 1.1 1.7
x107° m? s~!
Table 3

Thermal shock resistance parameters of monolithic TiC and Cy/TiC
composite and the residual strength rate when A7=1400°C

TiC Cy/TiC
R=o(1-v)/aE, K* 130(1-v) 229(1-v)
RY = (Kic/o)?/(1-v), pm? 74.3/(1-v) 134.2/(1-v)
Ry = y/a?E, pm'/2 K2 789 1878
Residual strength rate 32.5 42.5

(AT=1400°C)o, /o0, %

2 Flexual but not tensile strengths were used to calculate the R and
R'™. In the calculation of Ry, y was converted according to the Irwin
equation: K3 = 2yE.

that the addition of carbon fiber to TiC has beneficial
effect on the thermal shock resistance of TiC.

From Fig. 4 and Table 3, it can be seen that the 6-AT
curves of monolithic TiC and the C¢/TiC composite have
relatively good relationships with the calculated para-
meters R, RV, and Ry. The critical temperature differ-
ence, AT, for strength degradation increases with
carbon fiber addition, which is consistent with the
change of parameter R values shown in Table 3. How-
ever, the calculated R given in Table 3 are much lower
than the experimental AT, values shown in the curves in
Fig. 4, this may be caused by the water-quenching speed.
Insufficiently rapid quenching and the limit of water
cooling rate could make the actual temperature differ-
ence the specimens experienced lower than the recorded
temperature difference. Nevertheless, the factor does not
influence the changing tendency of AT, with the addi-
tion of carbon fibers. The decrement of strength
decreases with carbon fiber addition for AT > AT,
(Fig. 4), and such a tendency could be more clearly seen
from residual strength rate values (for AT=1400°C)
shown in Table 3. This is roughly consistent with the
change of parameter Ry shown in Table 3.

3.4. Role of carbon fibers

The increases of the room and elevated temperature
strengths and residual strength of TiC are undoubtedly
the direct contribution of the high strength of carbon
fiber to the composite. A rule-of-mixture formulation is
used to evaluate the strengthening effect of carbon fibers
on the strength of TiC. For a unidirectional fiber rein-
forced composite, the strength of the composite, o, is
given by

oc = o Vi +on(l = V) “4)

where o, and oy are the strengths of the matrix and the
fiber, respectively, V;is the fiber content. The short fiber
orientation is random in TiC matrix. By assuming the
fiber angle, 6, is uniformly distributed from 0 to /2
(Fig. 6) in the plane perpendicular to the hot-pressing
direction, the contribution, o,,, from the fibers to the Cy/
TiC composite strength is approximately obtained by

/2
op = Vf(J orcos’6do) = 0.50¢ Vi (5)

0

Then the theoretical strength, o7, of the composite is
given by

or = 0p +0om(l — V1) =0.50: Vi + om(l — Vi) (6)
Considering the damage of the fiber during fabricat-

ing, oy is taken as 2500 MPa instead of 2700 MPa and oy
is also assumed as a constant in the range from room
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Fig. 6. An incline short fiber in the matrix.

temperature to 1400°C, V; is 0.2. The tested strength
value of monolithic TiC at various temperatures or
under various thermal shock temperature differences are
used as matrix strength value to calculate o}. Table 4
gives the calculated and experimental values of the
strength of the composite at room temperature to
1400°C, experimental results are in good agreement
with the calculated results, demonstrating the contribu-
tion of carbon fibers to the strength of the composite.
Table 5 gives the calculated and experimental values
of the residual strength of the composite shocked at
various thermal shock temperature differences. The cal-
culated results of the residual strength basically agree
with the experimental results when AT<600°C, and are
lower than experimental results when AT exceeds 600°C
and less than 1200°C, and are higher than the experi-
mental results at AT > 1200°C. This may be explained
as follows. There is only a few of microcracks induced
by thermal shock in the TiC matrix at AT < 600°C
(AT, for monolithic TiC is 600°C), and the fibers are
not damaged by thermal shock, thereby the calculated
results of the residual strength agree with the experi-
mental results. When AT exceeds AT, (600°C) and less

Table 4
Strength of the Cg/TiC composite at various temperatures

20°C 1000°C 1200°C 1400°C

Measured strength, MPa 593 544 509 439
Calculated strength, MPa 627 549 503 448
Table 5

than 1200°C, the microcrack initiating and propagating
in the C¢/TiC composite are prevented by carbon fibers
compared with monolithic TiC, thus the matrix factual
strength should be higher than the strength used in cal-
culating, and consequently, the calculated results of the
residual strength are less than the experimental results.
When AT exceeds 1200°C, a great deal of microcracks
are formed and then coalesce to form crack nets in the
matrix, and the fibers and fiber/matrix interfaces may be
also damaged because of the severe thermal shock,
which decrease the strength of the composite. In con-
trast, the fiber strength is taken as a constant with AT in
calculating. Therefore, the calculated results of residual
strength of the composite are higher than the experi-
mental results at AT > 1200°C.

Fig. 7 shows stress—strain curves of the C¢/TiC com-
posite unshocked and shocked at AT = 1200°C, and
these curves are nonlinear. The nonlinear behavior does
not imply that the composite is plastic. In fact, this is a
kind of pseudo-plasticity. The elastic modulus of the
carbon fibers is less than that of TiC matrix (see
Table 1), thereby the matrix carries more load than the
fiber when it is deformed to the same strain. As the
external load further increases, a lot of microcracks will
be induced in the TiC matrix and the fiber with high
rupture strength bridges the microcracks. Microcracks

600

500 Unshocked C¢/TiC

400 -

300

Shocked C¢/TiC

Stress ¢, MPa

200

100 [

0 M M . ] . 1 . )
0.0 0.1 0.2 0.3 04 0.5

Strain €, %

Fig. 7. Stress/strain curves of the Cy/TiC composites unshocked and
thermal shocked, thermally shock temperature difference is 1200°C.

Residual strength of the C/TiC composite shocked at various thermal shock temperatures differences

Thermal shock temperature difference, AT

0°C 600°C 700°C 900°C 1200°C 1400°C
Measured residual strength, MPa 593 602 584 533 278 252
Calculated residual strength, MPa 627 612 520 420 390 372
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Fig. 8. Fracture surface of the Cy/TiC composite thermally shocked,
thermal shock temperature difference is 1200°C.

initiating and propagating in the matrix cause a macro
strain, as if there is a plastic deform in the composite.
Because the fibers bridge the microcracks and prevent
the cracks from propagating, the external load can be
continuously increased. The nonlinear behavior indi-
cates that the crack propagates in a quasi-static manner.
This kind of pseudo-plasticity of ceramic composites
has also been reported in many papers.!'3 24

Fig. 8, a micrograph of the fracture surface of the Cy/
TiC composite shocked at AT = 1200°C, which shows
fiber pullout, fiber bridging, and crack deflection. The
existence of carbon fibers is very beneficial to mitigating
instantaneous crack propagation. Based on the
observed results from Figs. 3 and 8, fiber pullout, crack
bridging and crack deflection should be the toughening
mechanisms of the C/TiC composite.

The addition of carbon fibers to TiC increases the
strength, o, and the fracture toughness,Kjc, of TiC mate-
rials, and decreases the thermal expansion coefficient, o,
and the elastic modulus,E. By changing the values of o,
Kic, E and «, the thermal stress fracture parameter, R, the
thermal stress damage resistance parameter, R'Y, and the
thermal stress crack stability parameter, Ry, are all
increased. In addition, the thermal diffusivity is also
increased from 1.1x107® m? s~! for monolithic TiC to
1.7x107° m? s~! for Cy/TiC composite. From the point
of view of decreasing the temperature gradient of the
composite during thermal shocking, the increase of the
thermal diffusivity is beneficial to improving the thermal
shock resistance.

4. Conclusions

The addition of 20 vol.% short carbon fiber increases
the room temperature flexural strength from 471 MPa

for monolithic TiC to 593 MPa for the composite. The
fracture strength of the composite at 1400°C is 439
MPa, an increase of 78% over that of monolithic TiC.
A role-of-mixture formulation is proposed to calculate
the strengthening effect of the carbon fibers, the calcu-
lated results of the strength of the composite in the
range of room temperature to 1400°C agree well with
the experimental results.

With carbon fiber addition, the fracture toughness of
TiC is increased remarkably, and the elastic modulus and
thermal expansion coefficient are decreased. The thermal
stress fracture resistance parameter, R, thermal stress
damage resistance parameter, RV, and thermal stress
crack stability parameter, Ry, are all increased. The resi-
dual strength of the composite decreases significantly
when the thermal shock temperature difference, AT, is
higher than 900°C, and the residual strength is 252 MPa
when AT is 1400°C. Carbon fiber reinforced-TiC com-
posite exhibits superior resistance to thermal shock
damage compared with monolithic TiC. Catastrophic
failure induced by severe thermal stresses can be pre-
vented in the C¢/TiC composite.
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