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Spark plasma sintering method, at the temperature of 1800 °C under the pressure of 40 MPa for 7 min, was
employed for fabrication of TiB,-SiC-based composites. The influences of short carbon fiber (C¢) addition (2 wt
%) on microstructural, mechanical and thermal properties of TiB,-SiC ceramics were studied. Carbon fiber
addition increased the relative density of sintered composite which observed to have direct effect on mechanical
and thermal properties. The mechanical properties of composites were measured by nanoindentation method.
Hardness and elastic modulus of TiB,/SiC interfaces in carbon fiber doped composite were measured 27.1 GPa

and 445 GPa, respectively, while these values were obtained 24.2 GPa and 422 GPa for carbon-free sample. The
thermal diffusivity of samples was measured by laser flash technique (LFT). It was found that TiB,-SiC-C¢
composite has a higher thermal conductivity (55 w/m.K) compared to TiB,-SiC ceramic with a value of 54.8 w/

m.K.

1. Introduction

Ultra high temperature ceramics (UHTCs) including carbides, bor-
ides and nitrides are a group of materials which have very high melting
points and interesting capabilities to work at environments with high
temperatures [1-7]. Among borides, titanium diboride (TiB») has been
considered useful recently owing to a wide range of industrial appli-
cation like wear resistance parts, refractory materials, cutting tools,
cathodes for electrolysis in production of aluminum and electrodes for
electro-discharge machining [8-11]. Special properties of TiB, are
considerable hardness, excellent elastic modulus, good chemical stabi-
lity, high thermal conductivity and low thermal expansion coefficient
[12,13]. Nevertheless, monolithic TiB, has some limitations such as
weak sinterability and low flexural strength [14]. Owing to the domi-
nant covalent bonding of TiB,, its sinterability is restricted, thus, a
sintering temperature higher than 2000 °C is needed to achieve a full
densification [15]. On the other hand, high temperatures cause fanatic
grain growth and waste of energy which are not appropriate and lead to
reduction in fracture toughness and flexural strength [16]. Hence, to
lower the sintering temperature, several additives (carbon [17], carbide
[18], silicide [19], and nitride [20,21] for instance) have been used as
reinforcement or dopant in monolithic ceramics. Besides, these
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additives can reduce the oxide impurities that exist in the surface of
TiB, powder and improve the mechanical properties [22-26].

Silicon carbide (SiC) as a common additive has special features such
as high dimensional stability with great stiffness, low creep rate and
low thermal expansion [27], which makes it a good candidate for ap-
plications that need dimensional stability at elevated temperatures. The
amount of SiC added to TiB, matrix needs to be controlled since an
appropriate content of this additive can enhance the high temperature
oxidation resistance and mechanical properties [22,24,28]. The earlier
methods of providing TiB,-SiC composites (hot pressing or hot isostatic
pressing) have some problems like low fracture toughness and high
processing costs [18,29]. Later, reactive hot pressing has chosen as an
alternative that provided better results than hot pressing [30]. How-
ever, in recent years, spark plasma sintering (SPS) has been used for
fabricating ceramics and composites. The differences between SPS
technique and other methods are relatively low temperature applied
during densification as well as its short dwelling time [31-33]. ZrB,, as
another ultra-high temperature ceramic, has a similar behavior to TiB,
and various studies have been conducted on the influence of adding SiC
on ZrBy-based composites. A progress in the mechanical and thermal
properties and resistance against oxidation has been reported [34-48].

Carbon contains different morphologies (e.g. carbon nanotube,
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graphite, graphene, carbon fiber, diamond, etc.) that can be added to
composites and elevate their properties. Carbon additives promote the
densification process by removing the impurities exist on the surface of
starting powders [49-51]. Several papers have investigated the effect of
adding carbon fiber [52,53], nanotube [54], graphene [55] or graphite
[40,56] on mechanical properties of ZrB,—SiC composites. Carbon fiber
encompasses interesting advantages like thermodynamic adaptability,
high-temperature forbearance, high tensile strength and stiffness and
low weight [57,58]. Due to these features, carbon fiber got attention in
aerospace and civil engineering. Yang et al. [53] manufactured fully
dense ZrB,-SiC composite by hot pressing and adding 20 vol% carbon
fiber as a sintering aid. Taylor et al. [59] reported that the ZrB,-SiC-Cs
composite made by SPS exhibited a great critical thermal shock tem-
perature as well as good thermal shock resistance.

Nevertheless, to the best of our knowledge, the influences of carbon
fiber (C¢) addition on microstructural, thermal and mechanical features
of TiB,-based ceramics, reinforced with SiC, has not been available. In
the present study, TiB,-SiC composite doped with carbon fiber (2 wt%
of the matrix) was manufactured by spark plasma sintering technique
and its characteristics were compared with an undoped sample.

2. Experimental procedure
2.1. Materials and process

TiB, powders (size of particle 3-8 um, purity > 99.9%, Xuzhou
Hongwu Co., China), ultrafine SiC powders (size of 500 nm, purity >
99%, Xuzhou Hongwu Co., China) and carbon fibers (diameter of 5 pm,
Torayca Sigmatex Ltd., United Kingdom) were purchased as starting
materials. Carbon fibers (C¢) were manually cut in approximately 2 mm
length. The raw materials were weighed in proper quantities based on
the calculations: 13 g TiB, as matrix, 3.077 g SiC as reinforcement
(25 vol% of matrix) and 0.26 g carbon fiber as dopant (2 wt% of matrix)
only for the preparation of carbon-doped sample. At first, the chopped
carbon fibers were dispersed in ethanol using an ultrasonic bath (WUC-
D10H, Daihan, Korea) for half an hour. Then, the powders of TiB, plus
submicron-sized SiC with the determined proportion were added to this
suspension and homogenized again by 1h extra ultrasonication. The
mixture was heated on a magnetic stirrer for 4 h (MR 3001 k, Heidolph,
Germany) next, it was dried inside an oven at the temperature of 120 °C
for 20 h in order to evaporation of ethanol completely. The sintering of
final mixture was carried out by spark plasma sintering apparatus
(Nanozint 10i, Khalapoushan Felez Co., Iran). The prepared powder
mixture were packed into a graphite die with a cylindrical shape and
lined with pliable foils of graphite. The sample with a diameter of
~25 mm and the thickness of ~5 mm was sintered at 1800 °C for 7 min
under the load of 40 MPa in vacuum. At the end, the furnace was cooled
down to ambient temperature and the sample was taken from the die.

2.2. Characterizations

Archimedes method was applied for measuring the bulk density of
sample and for determining the theoretical density, the rule of mixtures
was used. The ratio of bulk density to theoretical density is called re-
lative density. The surface of specimen was eliminated from the gra-
phite contamination by grinding and polishing with diamond paste
before characterizations. Phase analysis was fulfilled by the X-ray dif-
fraction (D8 Advance, Bruker, Germany) analysis. The microstructure
observations were performed by scanning electron microscope (Zeiss
Ultra Plus, Carl Zeiss International, Germany). The size of grains was
specified by an image analyzing software (ImageJ). HSC chemistry
package (Outokumpu Research Oy, Finland) was employed to check the
thermodynamic possibility of some reaction between components
during the sintering. The thermal diffusivity was obtained by laser flash
technique (LFA 467 HT HyperFlash, Netzsch, Germany). The standard
samples with dimension of 1 X 1cm? and thickness of 1 mm were

130

International Journal of Refractory Metals & Hard Materials 82 (2019) 129-135

prepared by wire-cut machining. In LFT method a laser energy pulse
applies on one side of the sample and as a result of heat conduction, the
temperature raise versus time is recorded at other side [60]. The
thermal diffusion was calculated based on the temperature distribution
and the time needed to reach a specified value. In order to calculate the
thermal conductivity (k), the heat capacity (c) and density (p) of ma-
terials is needed. The thermal conductivity is calculated by the fol-
lowing relation where ais thermal diffusivity:

k = apc (€]

Nanoindentation method (Agilent G200, USA) with Berkovich dia-
mond indenter tip was used for mechanical evaluations in which the
geometry of tip was a three-sided pyramid and the applied load was
ultra-low. At first, the penetration depth was noted and then the area of
indent was assigned via the known geometry of the indentation tip. A
load-displacement curve can be plotted simultaneously with indenting
and estimate the contact area. Mechanical properties such as stiffness,
Young modulus and hardness can be extracted from the curve. Oliver-
Pharr technique, which recognizes the hardness based on area and
depth, was chosen to determine the material properties. The maximum
applied load was 400 mN at the fixed loading rate of 40 mN/s and
holding time of 5s. The hardness of material was calculated by Eq. (2)
in which H is the hardness, P, allocated to the maximum load and A,
represents the projected area of indentation.

Pmax

Ac

H=
(2)

Particular quantities from the load-displacement curve were elicited
to identify the indent area by a software designed within the system
according to Eq. (3) [61-65].

A, = f(h,) = 24.56 X h* + 0.562 X h,+0.003216 3)

where h, is the contact depth based on Eq. (4), ¢ is given as a theoretical
value of 0.75 for Berkovich indenter, S is stiffness and h, represents the
indenter displacement at maximum load.

he

€
h’t - E X Pmax ( 4)

Elastic modulus of material can be obtained using Egs. (5)—(6),
while E; and E; can be defined as elastic modulus of sample and in-
denter, also v; and v; are Poisson's coefficient of the indenter and
sample, respectively.

dp 2
S=-2 =6=FE, /A

N A 5)
1 1=y 1-vf
En E, E; (6)

3. Results and discussion

The microstructure and phase analyses of the samples, sintered at
the temperature of 1800 °C under the pressure of 40 MPa for 7 min,
were performed by SEM and XRD, respectively. The addition of carbon
fiber resulted in improved densification, because relative density values
of 95.5% and 98.5% was estimated for TiB,-SiC and TiB,-SiC-C¢
samples, respectively. Such outcome showed that adding small amount
of C¢ promoted the sinterability and increased the densification of TiB,-
based ceramic. It is proven that sintering temperature has significant
role on densification of materials so that the higher sintering tem-
perature, the better densification [66]. The effect of nitride additives
such as SizN4 on densification of TiB, reinforced with SiC composites
was studied and a relative density of 99.8% was obtained for
TiB,-SiC-SizN4 composite under SPS conditions of 1900 °C/7 min/
40 MPa [9]. The influences of dwell time, applied pressure and tem-
perature of ZrB,-SiC-C¢ composites using hot pressed method were
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Fig. 1. SEM micrographs of fracture surface of (a,b) TiB>-SiC and (c,d) TiB,-SiC-C¢ composites.

investigated and a fully dense composite was obtained by using 10 vol%
carbon fiber and 20 vol% silicon carbide in ZrB, [67]. Since TiB, dis-
plays a densification behavior similar to ZrB,, it is expected that adding
carbon fiber to TiB>—SiC composite can increase the relative density.

In order to get a better understanding of size and morphology of
grains, SEM micrographs of fracture surfaces of TiB,-SiC and
TiB,—SiC-C¢ composites (Fig. 1) are needed. No obvious pore can be
seen in the samples, especially in TiB,-SiC-C¢ composite with an ap-
proximate porosity content of 1.5%. Grains contain two fracture modes
including transgranular (the grain itself fractures) and intergranular
(fracture occurs in the grain boundaries). According to Fig. 1b, the
multiplex fracture mode of grains can be seen, whereas the fracture
mode of monolithic TiB, was reported to be transgranular [23]. Based
on Fig. 1c, the sample with carbon fiber additive has smaller grains size.
As shown in Fig. 1d, some new flaky phases with the thickness < 100
nm. Due to the detection of graphite by XRD (Fig. 2b), such flaky
phases can be related to graphite. Closer look at Fig. 1d, reveals two
nano-flakes of graphite (thickness < 50 nm) in this fractograph.

The X-ray diffraction analyses of TiB>—SiC and TiB,-SiC-C; com-
posites are shown in Fig. 2a-b, respectively. The phases of TiB, and SiC
as the main starting powders are identified in both samples. Trace of
graphite is detected in TiB,-SiC-C; composite (Fig. 2b), due to the
crystalline structure of carbon fiber in the form of graphite. The in-
tensities of TiB, and SiC peaks show no obvious differences with adding
Cr as dopant. According to XRD patterns of the starting powders (not
shown here), the existence of oxide impurities such as TiO, and B,O3 on
the external surface of TiB,, and also SiO, on the surface of SiC can be
confirmed.

During the sintering process, SiC may react with such impurities
(TiO, and B,03) according to Egs. (7) and (8) which cause the forma-
tion of TiC, B4C and SiO..

TiO, + SiC = TiC + SiO, @]

)

As shown in Fig. 3, the reaction of Eq. (7) is possible at any tem-
perature and the reaction of Eq. (8) is thermodynamically favorable at
the temperatures over 1866 °C and standard atmospheric pressure
(1 atm). Although the sintering sample experienced the maximum
temperature of 1800 °C, the reaction of Eq. (8) seems to be possible
under vacuum conditions. Considering that the process of sintering
occurs in vacuum, the gaseous phases (produced via Eq. (8)) escape
from the sintered samples.

On the other hand, because of the presence of carbon fiber in
TiB,-SiC-C¢ specimen, it is possible for carbon to react with TiO5, BoO3
and SiO, to form TiC, B,C and SiC phases in accord with Egs. (9)-(11):

4B,05(g) + 7SiC = 2B,C + 75i0(g) + 5CO(g)

TiO, + 3C = TiC + 2CO(g) ()]
2B,0; + 7C = B,C + 6CO(g) (10)
SiO, + 3C = SiC + 2CO(g) an

Reactions based on Egs. (9)—(11) are also thermodynamically fea-
sible at temperatures over 1288 °C, 1567 °C and 1522 °C, respectively
(Fig. 4).

Based on SEM results of the polished surfaces of TiB,-SiC
(Figs. 3a-b) and TiB,-SiC-C¢ (Fig. 3c—d) composites, the reduction in
porosity content of the sample doped with carbon fiber is tangible,
hence, the relative density of such sample can be expected to be higher.
This statement is consistent with the obtained values of 95.5% and
98.5% for the relative density of TiBo—SiC and TiB,-SiC—C¢ specimens,
respectively. It can be seen from the images that the amount of rounded
black spots, which shows porosities, is much higher in TiB,-SiC com-
posite in comparison with the other one. Therefore, it can be concluded
that carbon fiber additive has reduced the porosity and made the piece
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Fig. 2. XRD patterns of (a) carbon-free and (b) carbon-doped TiB,-SiC com-
posites.

to be denser. Regarding the high-magnification SEM image of TiB>—SiC
ceramic, shown in Fig. 5b, the most visible area is a light-gray back-
ground and due to the higher content of TiB, in the mixture, it can be
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related to TiB,. In addition, the dark-gray regions are most likely to be
SiC particles because they contain less volume fraction of phases. Be-
sides, Fig. 5a presents that the dark SiC reinforcements have distributed
uniformly in the TiB, matrix and it seems that the phases of TiB, and
SiC mixed together in an acceptable manner.

Some needle-like morphology of carbon fiber with black color are
observable in the SEM micrograph of Fig. 5c in which the middle part of
the phases is completely black and the round of carbon fiber (black
parts) is grayed out. More precisely, it appears that one of these carbon
fibers has fully changed its color and become gray which may be due to
a reaction. As shown in the high-magnification SEM image of
TiB,-SiC-C¢ sample (Fig. 5d), the black region is part of graphite which
has been remained unreacted. The XRD patterns also confirm the ex-
istence of graphite phase, however, the margins of this carbon fiber has
reacted with adjacent grains and converted to other phases. Since the
reactions start from the surface and then progress to the center, it seems
that there was not enough time or temperature for the central part of
this fiber to participate in the reaction. Apparently, the color of new
formed phase created around the Cg is extremely similar to that of SiC,
thus, according to Eq. (11), the formation of SiC through the reduction
of SiO, may be possible. Since the amounts of in-situ formed phases
such as TiC and B4C were low, it was difficult to detect them by SEM.

The nanoindentation technique was used to determine the me-
chanical properties of TiB,-SiC and TiB,—SiC-C; samples and the ob-
tained results are given in Tables 1-2. Analyzing the properties such as
hardness, stiffness and elastic modulus is one of the applications of this
method. Based on Table 1, the value of hardness at TiB,/SiC interface is
24.2 GPa whereas the hardness of TiB, grain is 33.8 GPa. It appears that
the striking decrease in the hardness of at the interfaces is related to the
lower hardness of SiC than TiB, matrix. A similar trend can be seen in
Table 2, but, it should be noted that the hardness values of both TiB,
grains and TiB,/SiC interfaces in TiB,-SiC—C¢ composite are higher than
those measured for TiB,-SiC ceramic. Such a comparison is attributed
to the higher relative density of carbon-doped sample. The elastic
modulus of 516 GPa for TiB, grain in TiB,~SiC-C¢ composite (Table 2) is
near to that measured for TiB, (523 GPa) in TiB,-SiC sample (Table 1).
Elastic modulus is susceptible to porosity and increases with reduction
in the porosity content. Hence, a remarkable enhancement in the elastic
modulus value at TiB,/SiC interface from 422 in TiB,-SiC ceramic to

Fig. 3. Standard Gibbs free energy versus temperature for the chemical reactions of Egs. (7)—(8).
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Fig. 4. Standard Gibbs free energy versus temperature for the chemical reactions of Egs. (9)-(11).

Fig. 5. SEM images of polished surface of (a,b) TiB>-SiC and (c,d) TiB,-SiC-C¢ composites.

445 GPa in TiB,-SiC-C; composite can be related to the positive role of
carbon fiber additive on densification improvement.

The thermal diffusivity of samples was obtained by laser flash
technique. The heat capacity values were calculated by rule of mixture
method and using the measured bulk densities. The thermal con-
ductivity of samples was calculated by Eq. (1). The thermal
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conductivities of 54.83 w/m.K and 54.98 w/m.K were obtained for
TiB,-SiC and TiB,-SiC-C¢ composites, respectively. As it is obvious, the
thermal conductivity of TiB,—SiC-C; sample has higher value than
TiB,-SiC ceramic. More porosity of TiB,-SiC ceramic has negative ef-
fect on thermal conductivity, since porosities filled with gas and have
conductivities in order of 0.01 w/m.K as an insulator. On the other
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Table 1
Mechanical properties of TiB, grains and TiB,/SiC interfaces in TiB,-SiC
ceramic.

Elastic modulus (GPa)  Hardness (GPa)  Stiffness (MN/m)

523
422

33.8
24.2

1.43
1.52

TiB, grain
TiB,/SiC interface

Table 2
Mechanical properties of TiB, grains and TiB,/SiC interfaces in TiB,-SiC-C¢
composite.

Elastic modulus (GPa)  Hardness (GPa)  Stiffness (MN/m)

516
445

36.5
27.1

1.39
1.46

TiB, grain
TiB,/SiC interface

hand, based on Eq. (1), the density and heat capacity of materials play
direct role in thermal conductivity value. On one hand, the TiB,-SiC
composite has lower density and on the other hand its specific heat
capacity is lower than TiB,—SiC-C sample. It can be concluded that the
positive and negative effects of mentioned parameters caused incon-
siderable enhancement on thermal conductivity of TiB,-SiC composite
by adding carbon fibers.

4. Conclusions

SiC reinforced TiB, matrix composites, doped with carbon fiber, was
fabricated by spark plasma sintering method. The effect of carbon fiber
addition on microstructural, thermal and mechanical properties of
TiB,-SiC composite were investigated. Results showed a better densi-
fication in TiB,-SiC-C; sample with enhanced mechanical properties.
Thermal diffusivity was obtained via laser flash technique and used to
calculate the thermal conductivity. The results demonstrated that
adding carbon fiber increased the thermal conductivity of base com-
posite.
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