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ABSTRACT

The influence of spark plasma sintering (SPS) parameters (temperature, time, pressure) and the role of particle
size on densification, microstructure and mechanical properties of commercial additive-free TiB,, SiC and
composites thereof were studied by X-ray diffraction, scanning electron microscopy, the ultrasonic method and
indentation. Three particle sizes of SiC and 2 of TiB, were processed. An optimal cycle was found for TiB, and
SiC: 2000 °C, 3 min dwell time, and 100 MPa applied at 600 °C. The relative density of pure SiC increases linearly
from 70% to 90% when the initial particle size decreases from 1.75 um to 0.5 um. Pure TiB, was densified up to
87%. Using 2.5 wt% SiC in TiB,, the relative density increases to 97%. Young's modulus and the hardness of all
samples were measured, with results discussed. The higher properties were obtained for additive-free TiB>-5%
SiC with a relative density of 97% and with the Young's modulus and Vickers hardness values being close to
378 GPa and 23 GPa, respectively.

1. Introduction

Non-oxide ceramics are highly interesting materials due to their
outstanding properties at high temperature. The main compounds are
carbides, borides and nitrides of transition metals of groups IV and V
(Zr, Ti, Hf, Nb, Ta, V), in addition to other popular ceramics such as
silicon carbide SiC. All these materials have a high melting point and
hardness in common [1]. Silicon carbide presents interesting proper-
ties, especially good dimensional stability with high stiffness, low
thermal expansion [2], and low creep rate (approximately 10~ s~ ! at
1600 °C and 110 MPa) [3,4]. Therefore, silicon carbide is a promising
material for structural applications that require dimensional stability at
high temperatures. Among borides, hafnium- and zirconium-diboride
(HfB, and ZrB,) are the preferred compounds for use at very high
temperatures and in oxidizing atmospheres because their oxidation
resistance is better than that of other borides [5]. HfB, and ZrB, are
often mixed with SiC in order to limit grain growth and improve oxi-
dizing resistance owing to the formation of a dense layer of silicon
dioxide (SiO,) [6]. However, titanium diboride TiB, presents both a
lower creep rate at high temperature (107'° s~! at 1600°C and
175 MPa) [7] than that of ZrB, (10”7 s~ " at 1600 °C and 110 MPa) [8]
and HfB, (10~7 s~ ! at 1500 °C and 100 MPa) [9] and a higher stiffness

(560 GPa for TiB, [10], compared to 489 and 480 GPa for ZrB, [11] and
HfB, [12], respectively). As a consequence, TiB, is a promising material
for structural applications at high temperatures and in non-oxidizing
atmospheres such as nuclear electric propulsion, as the operating gas is
oxygen-free [13].

Titanium diboride presents poor sinterability due to its low self-
diffusion coefficient, high melting point and strong covalent bonding
[14]. Pure and dense TiB, cannot be obtained by pressureless sintering
[15], and field-assisted sintering techniques such as spark plasma sin-
tering (SPS) are required. SPS is a sintering method similar to hot
pressing, but the sample is heated using a pulsed current, directly if it is
a conductor or indirectly if it is not a conductor (in this case, the sample
is heated by graphite tools) [16]. Compared to other sintering methods,
SPS is faster in heating and in densification (on the order of a few
minutes) and allows sintering of high-temperature ceramics while
maintaining low grain growth [17]. A relative density up to 97.5% can
be achieved with fine TiB, powders (1-2 pum) [18-20]. However, it
appears that the densification rate drops dramatically with coarser
grains, down to 80% for grains with a mean size of 5.7 um [21]. The
effect of the sintering temperature is not clear: increasing the tem-
perature (from 1700 to 1900 °C) increases [18,21] or decreases [20] the
relative density. It is supposed that an abnormal grain growth occurs at



those temperatures and inhibits densification [20]. However, in the
case in which temperature has a positive effect on densification, grain
growth occurs as well (3.2-8.1 ym [18] and 8.2-9.2 um [21] for tem-
peratures from 1600 °C to 1800 °C). Use of a sinter-aid is a way to im-
prove the densification of titanium diboride. Silicon carbide is espe-
cially effective to improve densification and oxidation resistance of
titanium diboride [22]. Amounts of SiC as low as 2.5 wt% are sufficient
to ensure a significant improvement of relative density of TiB, [23].
Higher amounts of SiC are detrimental to high-temperature properties
[24].

Silicon carbide can be densified by SPS, and generally, submicron
powders are used [25,26]. For a 500 nm-sized powder, a densification
rate of only 92% is achieved at 1850 °C [27]. When decreasing the size
to the nanoscale, the densification kinetics are improved, and much
more dense samples of up to 97.5% are obtained [26]. Yamamoto et al.
[25] studied the consolidation by SPS of two nanometer-sized SiC
powders: a commercial one and a homemade one. The commercial
powder was poorly sintered (78%) while the homemade powder was
near fully dense (99%) with the same operating conditions (1700 °C,
5 min, 40 MPa, vacuum). According to Yamamoto, the difference in the
densification rates is due to a difference in the ordering of the home-
made powder during the sintering process [25]. Depending on the SPS
parameters, the dwell time can have either no effect [27] or a sig-
nificant effect [28,29] on the relative density. Hayun et al. found that
the dwell time had a strong effect, with a relative density of 89% for
1 min to 99% for 10 min [29]. In most of the published papers, the
densification of only one powder is studied, and therefore, the effect of
the initial particle size is not studied, whereas it is well known that the
initial particle size is a key parameter to ensure high densification ki-
netics and mechanical properties.

Thus, the aim of this paper is to study the sinterability of SiC and
TiB, powders of different particle sizes and of mixtures of the two.
Initially, the densification by spark plasma sintering of commercial
powders is studied, especially the influence of process parameters
(temperature, time, pressure) on relative density. In a second experi-
ment, mechanical properties (Young's modulus and hardness) of the
produced pellets are measured, discussed and compared to the litera-
ture.

2. Materials and methods

Two commercial silicon carbide powders were used with a mean
particle size of 1.75 pm (grade b-hp, Starck, oxygen < 1% by mass) and
0.5um (grade BF17, Starck, oxygen < 1.8% by mass), respectively,
named 1.75SiC and 0.5SiC. According to the supplier's data, the com-
position of the two powders is 90%  SiC and 10% a SiC. In addition, a
third homemade silicon carbide powder was used with a mean particle
size of 1 um. Two commercial titanium diboride powders were used
with a mean particle size of 4.75 um (grade D, Starck, oxygen < 1.1%
in mass) and 3 um (grade F, Starck, oxygen < 2.5% in mass), respec-
tively, named 4.75TiB, and 3TiB,.

Densifications were achieved on a SPS machine (Dr. Sinter SPS-
632Lx, Fuji Electronic Industrial CO., LTD., Japan) available at
Plateforme Nationale de Frittage Flash located at the Université
Toulouse 3 Paul Sabatier. The powders were loaded into a graphite die
with an inside diameter of 15 mm. The composite samples of TiB,-SiC
were homogenized in a mixing machine (Turbula) for 15h before
testing. A graphite sheet (PERMA-FOIL Toyo Tanso) was inserted be-
tween the powder and the die/punches to avoid unwanted reactions
and for easy removal of the samples from the die after the sintering
stage. The amount of introduced powder was calculated in order to
obtain pellets of 2 mm in thickness at maximum densification. All ex-
periments were conducted under vacuum (30 Pa). The temperature was
first raised to 600 °C and maintained for 3 min to stabilize its reading
with a pyrometer, and then, a heating ramp of 100 °C/min was applied
up to the setpoint temperature. The pressure was initially set to 0.1 kN

(0.6 MPa) to ensure electrical contact. After that, the final pressure was
applied (i) at 600 °C (samples marked with an “H”) or (ii) at the max-
imum temperature (samples marked with a “D”). After a dwell time of
3-20 min, the pressure was released and the current cut off.

To make reading this paper easier, the samples were tagged as fol-
lows:

particle[phase]

For example, 0.55iC2%% is a silicon carbide with an initial mean

particle size of 0.5 pm processed by SPS at 2000 °C for 3 min with a
pressure of 100 MPa applied from 600 °C.

The density of samples was measured by Archimedes’ method using
a hydrostatic balance (Sartorius MSE224S-YDKO03). The relative density
was calculated using a theoretical density of 3.21 g/cm® and 4.52 g/cm®
for SiC and TiB,, respectively [30]. For the composite samples, the rule
of mixtures was used to determine the theoretical density.

Phases were analyzed by X-ray Diffraction XRD (D8 advance,
Briiker) from 25° to 95° (260) in 0.015 steps.

Morphology observations were carried out with a scanning electron
microscope (SEM) (IT300, JEOL). Before the observations, the pellets
were polished and metallized with platinum.

Young's moduli were measured using the ultrasonic method [31] by
reflection according to Eq. (1):

3VL2—4VT2
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where E is Young's modulus (Pa), p is the apparent density of the pellet
(kg/m>), and v, and v are the velocities of the waves in longitudinal
and transverse modes, respectively (m/s). An ultrasonic coupling agent
was used to ensure a good wave propagation. Vickers microhardness
was measured using a diamond indenter under a load of 1kg applied
over 15s. For each sample, the given hardness value was taken as an
average of 10 measurements.

3. Results and discussions
3.1. Densification process of SiC

Fig. 1 shows the relative density of 1.75SiC processed with different
SPS parameters. High temperature (2000 °C), pressure (113 MPa) or
long dwell time (20 min) did not create samples with a high relative
density, with the highest density being 70%. With a lower temperature
(1900 °C instead of 2000 °C), the relative density became lower (60%
instead of 70%), even with a longer dwell time (Fig. 1), which means
that the onset of sintering was higher than 1900 °C for the 1.75SiC
powder.
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Fig. 1. Relative density of 1.75SiC processed with different SPS parameters.
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Fig. 2. XRD analyses and SEM observations of 1.75SiC. (a) raw powder, (b) 1.755iCiw?

(6H) (PDF 049-1428) and » SiC (2H) (PDF 029-1126).

Fig. 2 shows the structural analysis of the pellets, performed by XRD
and SEM. The XRD of the initial powder (Fig. 2-a) shows a main phase
of 3-SiC (3C), and two minor phases of a-SiC (6H and 2H), in good
agreement with the supplier's data. After sintering, these phases were
maintained, and the XRD patterns do not reveal any phase change
(Fig. 2b—d). SEM observations reveal that the grain size is slightly lower
for 1.755iCey® (Fig. 2-d) than that for the other samples, which cor-
responds to the sample with the lower temperature. Actually, the grain
growth of SiC was mainly affected by temperature and dwell time and
was not heavily affected by the obtained relative density [27].

Considering that the higher relative density obtained with 1.75SiC
is only 70%, finer powder is required. Indeed, it is well known that the

particle size is a key parameter for obtaining very high relative density.
2000; 3

100H
Fig. 3-a presents the relative densities obtained. As expected, the pro-

cess efficiency increases continuously when the particle size decreases.
The relative density increases from 70% to 90% (a 29% increase) for a
particle size from 1.75 um to 0.5 um. Since 0.5SiC is the powder that
presents better densification kinetics, several SPS cycles were tested on

Two finest powders were densified with the SPS parameters and

, (€) 1.75SiC20510

and (d) 1.75SiC{5on . W SiC (3C) (PDF 029-1129), A SiC

this powder. Given that the onset of densification is above 1900 °C,
maximum temperature was set at 2000 °C and the effect of pressure
application procedure (“D” or “H”) and dwell time are studied. Fig. 3-b
shows the results in terms of relative density. From an initial SPS cycle
using a pressure procedure “D” and a 3 min dwell time (Fig. 3-b, bottom
left), increasing the dwell time to 15 min has no significant effect on
relative density (76-78%). However, when the pressure is applied di-
rectly at 600 °C (“H” samples), a significant increase in relative density
is measured, up to 90% with a dwell time of 3 min. Therefore, it appears
that the effect of cold pressing (“H”) is higher than the effect of creep
due to pressure at high temperature (“D”) on grain rearrangement.
Thus, dwell time has no effect on relative density, and it is better to use
the “H” procedure. Fig. 3-c presents the densification kinetics (punch
displacement) measured during the SPS process for 0.5SiC processed
with different SPS parameters. At temperatures below 1500 °C (ap-
proximately 420 s in Fig. 3-c), the densification does not occur, and the
samples expand due to thermal dilatation. At higher temperatures, the
densification begins, and compaction is visible on the curves (Fig. 3-c).
During the dwell time, the displacement is nearly constant, which
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Fig. 3. (a) Size effect on SiC processed with the SPS process. (b) Pressure

reveals that the densification rate is very slow (dilatation of tools bal-
ances densification), regardless of the pressure procedure. This result is
in agreement with Fig. 3-b. The samples using the “D” procedure pre-
sent an increase in displacement higher than that of the “H” sample
(Fig. 3-c) because the pressure is applied when the densification occurs.
However, the total displacement is lower. It is clear that the “H” pro-
cedure is better than the “D” procedure is. This result is in conflict with
a previous article on the SiC densification by SPS [27], which presents
better density values when the ultimate pressure is applied at the final
temperature instead of 1000 °C. This difference could be due to a higher
initial pressure of 50 MPa (instead of the 0.6 MPa used in this study)

Table 1
Relative density of pure TiB,.

Sample Relative density (%)
4. 75TiB2 Jo0° 83
4. 75TiB2 fa0%3 85
4. 75TiBz fo0s 86
3TiB2 o0 87
3TiBy oo0™S 86
3TiBy o015 86
3TiBy+33wt. % 4. 75TiB 200y 80
3TiBy+67wt. % 4. 75TiB Zo0s” 78

[27], which could be sufficient to ensure higher initial compaction (i.e.,
higher green relative density) at low temperatures and therefore op-
timal sintering at higher temperatures.

Finally, the densification of silicon carbide by SPS requires tem-
peratures above 1900 °C for micron-sized powders. For submicron-sized
powders, a dwell time of 3 min is sufficient. It is preferable to apply the
pressure at the beginning of the cycle instead of at the final tempera-
ture. The particle size of the initial powder is a key parameter for en-
hancing the densification of silicon carbide using the SPS process.

3.2. Densification process of TiB»

The two TiB, powders (4.75pum and 3 um mean size) were pro-
cessed by SPS with different cycles. In addition, mixtures of these
powders are also used. Table 1 shows the relative density of the pure
TiB, samples. Increasing the temperature from 2000 °C to 2100 °C has a
very slight effect on the relative density (83% and 85%, respectively). It
is supposed that the densification temperature of TiB, micron-sized
powders is lower than 2100 °C, which is in agreement with previous
studies [18-21]. If the ultimate pressure is applied at the dwell time
(“D”), the final relative density is better than that when the pressure is
applied at 600 °C (“H”). For example, relative density increases from
83% to 86% for 4.75 TiB,. In fact, an amorphous B,03 layer covers the
surface of the TiB, powder [32]. B,O3 melts at 510 °C and vaporizes
approximately 2020 °C [33]. The dwell temperature is set at 2000 °C in
all experiments (except one) but the SPS process is performed under
vacuum (approximately 30 Pa), which means that the vaporization of
B,03 occurs approximately 1350 °C (value calculated by using latent
heat of vaporization of 372 kJ/mol [34]). If the final pressure is applied
before vaporization of B,O3 (samples “H”), the evacuation of boron
oxide is impeded and leads to lower relative density. When the initial
size of powder decreases from 4.75um to 3 um, the relative density
increases from 83% to 87% as expected. This difference is attributed to
the finer powder having a better reactivity. In addition, two mixtures of
4.75TiB, and 3TiB, were processed (with 1/3 and 2/3 by weight of
4.75TiB, in 3TiB,, respectively). These mixed samples were processed

with the 2000; 3
100H

Table 1. As shown, mixing TiB, of different sizes is detrimental to
densification, with lower densities than those of pure 3TiB, or 4.75TiB,.

The 4.75TiB, samples and powder were analyzed by XRD. The in-
itial powder presents some TiB impurities, but the densified samples do
not. According to the Ti-B phase diagram, if the temperature inside the
sample reach 2200 °C, TiB decomposes into liquid and TiB, (TiB is a
peritectic compound) [35]. During cooling, the high quantity of TiB,
grains could act as nucleation sites to form TiB, from liquid. Even if the
temperature is set to 2000 °C or 2100 °C, it is known that the tem-
perature gradients are up to 150 °C between the surface and the core of
the sample during the SPS process [36-38]. Contrary to this result,
Mukhopadhyay et al. found that the SPS process can lead to the for-
mation of TiB at temperatures as low as 1400 °C from an initial TiB,
powder free of this phase [19]. The authors investigated this

SPS process, and the relative densities are presented on



phenomenon by thermodynamic calculations and found that TiB im-
purities could come from (i) oxidation of TiB, with O, (even in high
vacuum) and (ii) from the reaction between TiB,, TiO5 and free carbon
[19]. However, data on SPS processing of Mukhopadhyay's powder at
2000 °C are not available [19]. The full width at half maximum, FWHM,
of the main diffraction peak (approximately 44.3° in 20) reveals a
higher value for the sample processed at 2100 °C (0.470°) than those of
samples sintered at 2000 °C (0.162° and 0.251°). Broadening of the XRD
peak could come from a size effect or from disordering in the crystal
structure [39]. However, considering that the size effect is negligible at
the micron scale [40], the difference in FWHM values is due to more
crystal defects when the sintering temperature is higher. Defects in the
crystal structure are mainly due to the SPS process, considering that the
FWHM of the main peak for 4.75TiB, powder (0.070°) is close to the
instrumental line profile (0.071°, from a LaBg sample).

Finally, the maximum density of 87% is obtained with 3TiB,, and
very high temperatures (2100°C) do not improve the density.
Therefore, additives are necessary to achieve higher relative densities
with this powder.

3.3. Densification process of TiB,-SiC

Silicon carbide is an effective additive to improve the densification
rate of titanium diboride [23]. The TiB,-SiC phase diagram presents a
unique eutectic point at 2190 °C for 52 wt% SiC, and no liquid phase is
expected below this temperature [41]. To improve the relative density

of 3TiB,, 0.5SiC powder was used at 2.5wt% and 5wt%, and the

20(;)(;)1; 3 sps cycle (hereafter, these

samples are named TS2.5 and TS5, respectively). These amounts are
sufficient to ensure an improvement in the relative density [23] and
adequately low to not impede the high-temperature strength [24].
Fig. 4 shows the densification results of TiB,-SiC composites. Without
the additives, the relative density of 3TiB, is 87%. Introducing 2.5 wt%
SiC greatly enhances the densification at 97%. At higher amounts (5 wt
% SiC), the relative density does not increase. These results are in good
agreement with those proposed by Torizuka et al. [23]. Fig. 5 presents

the XRD diagrams and MEB observations of TS2.5 and TS5. In addition,

MEB observations of 3TiB, 2000; 3 and O.SSiCZOOO; 3 are given. The XRD
100H 100H

patterns of TS2.5 and TS5 are similar, with a main phase of titanium
diboride, a secondary phase of 3-SiC and some impurities of a-SiC and
carbon, which is in agreement with phase composition of initial pow-
ders. The XRD patterns do not reveal significant reactions between TiB,
and SiC. The FWHM of the main XRD peak (approximately 44.3° in 20)
are 0.070° and 0.110° for TS2.5 and TS5, respectively. The peak

mixtures were processed by the
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broadening comes from crystal defects. The FWHM of TS5 is similar to

the FWHM of 3TiB, 210(?(?1;{3 (0.139°), and the FWHM of TS2.5 is rather

close to the FWHMs of the 3TiB, powder (0.081°) and instrumental line
profile (0.071°). Thus, there are fewer crystal defects in TiB, when it is
processed with 2.5wt% SiC than with 5wt%. The SEM observations
(Fig. 5a-b) show a highly dense surface with some grain pullout due to
the polishing. Particles larger than 10 um are observed, meaning that a
significant grain growth occurs during the SPS process using the TiB,-
SiC composite, probably due to the high temperature used (2000 °C).
Mixing a small amount of SiC with TiB, is a very effective way to im-
prove the density of both materials, as demonstrated by the SEM ob-
servations of pure 3TiB, and 1.75SiC (Fig. 5(c) and (d), respectively),
compared to that of TS2.5 and TS5 (Fig. 5(a) and (b), respectively).

3.4. Mechanical properties

Fig. 6a presents the hardness as a function of the pore volume
fraction for SiC and TiB, pellets. The hardness varies from 4.5 to
19.9 GPa for SiC and from 9.1 to 20.9 GPa for TiB,. The dependence of
hardness on the pore volume fraction has also been plotted for SiC [2]
and TiB, [10] using power and exponential analytical expressions de-
scribed by Egs. (2) and (3), respectively. Eq. (3) is obtained from near-
dense TiB, (> 96%) and is valid for 10 um grain size and a load of 10N
(however, variations due to grain size or applied load is slight) [10]
(from Snead et al. [2], Munro [10]).

Hgic (GPa) = 27.7xexp(—5.4XV}) )

Hyip,(GPa) = 23x(1-V,)*! .

Where Hg;c and Hpg, are the hardness of TiB, and SiC, respectively
(GPa), and V,, is the pore volume fraction. Egs. (2) and (3) are shown in
Fig. 6a.

The hardness of full-dense SiC in the literature is approximately
21-29 GPa [2]. Eq. (2) well fits the hardness of the 1.75SiC samples.
The hardness values of porous SiC are scarce in the literature. However,
the hardness of pressureless sintered SiC up to a porosity of 20% [42]
was previously studied, and similar values (e.g., 7.4 GPa for V, = 20%,
compared to 5.7 GPa for V, = 22% for 0.5SiC) were obtained. For the
more porous silicon carbide (V, = 33%), a hardness value of 4.1 GPa is
reported [43], which is in agreement with the measured value (1.75SiC,
Vp, = 34%, H = 4.5GPa). The initial particle size of silicon carbide
powder has no influence on the hardness after SPS, as shown on Fig. 6a
for the three particle sizes tested.

The hardness value of 3TiB, is remarkably higher than that of
4.75TiB, (roughly two times higher). However, the high scattering in
the measurement appears to reveal a heterogeneous sample surface for
3TiB, and make the discussion of this result difficult. Mixtures of TiB,
present a higher hardness than that of pure 4.75TiB,, even with lower
density values. The hardness value of full-dense TiB, (> 98%) is re-
ported at 22-28 GPa in several works [10,44-49]. The hardness in the
present study appears to be in agreement with the values from Eq. (3),
even if this equation has been built by Munro without the hardness
values of TiB, with a relative density lower than 90% [10]. In fact, data
on porous TiB, are scarce, and there are no results on pure and porous
TiB, (other than the values in this article). A hardness value of 10.5 GPa
is reported for a TiB, sample with a relative density of 80.3% and 2.5 wt
% SizN4 [50], which is slightly lower than the value presented in this
work (12.4 GPa at 80% relative density for a mixture of TiB,). This
difference should come from the softening of the grain boundaries due
to the formation of amorphous SiO, with SisN, as a sinter-aid [47].
Using 2.5wt% of Ti as a sinter-aid, hardness values of 13.7 and
23.8 GPa for relative densities of 62.6% and 87.6%, respectively, are
measured [51]. The result at 87.6% relative density remains within the
error bars of 3TiB,, which presents a similar relative density. At lower
relative density (62.6%), the reported hardness of 13.7 GPa [50] is
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Fig. 5. XRD patterns and MEB observations of (a) TS2.5, (b) TS5, (c) 3TiB2 and (d) 0.

0159), W TiB2 (035-0741), W 3C SiC (029-1131), x 4H SiC (029-1127).

better than those measured in this study (approximately 11.5 GPa for
79% relative density). This difference is deemed to come from grain
growth inhibition due to the presence of Ti [48]. Using silicon carbide
as s sinter-aid for 3TiB, increases the hardness value from 18 GPa (pure
TiB,) to 19 GPa (2.5% SiC) and 23 GPa (5% SiC). The hardness value
increases are mainly due to higher relative densities (97% for TS2.5 and
TS5 compared to 87% for pure TiB, processed with the same SPS cycle).
The hardness of TiB,-SiC composites with SiC amounts lower than
10 wt% SiC was not previously studied. However, 23 GPa for TS5 is a
significantly high hardness value, considering that it is in the same
range as that of TiB, with 10-15 wt% SiC (lower values were expected
because of the higher hardness of SiC) [52,53].

Fig. 6b presents the elastic modulus as a function of the pore volume
fraction for SiC and TiB, pellets. As previously shown, the elastic
modulus dependence of SiC [2] and TiB, [7] on the pore volume
fraction can be described by the following exponential expressions (Egs.
(4) and (5)) (from Snead et al. [2], Mandorf et al. [7]).

Esic (GPa) = 460xexp (—3.57XV)) 4)

Erip,(GPa) = 538xexp (—3.74XV)) (5)

20005 3
100H

5SiC processed by SPS cycle. Arrows show grain pullout. * Graphite (056-

Where Egc and Epp, are Young's moduli (GPa) of TiB, and SiC, re-
spectively, and V,, is the pore volume fraction. The values of the para-
meters in Egs. (4) and (5) were obtained from a review on SiC prop-
erties [2] and from three hot-pressed TiB, samples [7]. Egs. (4) and (5)
are reported in Fig. 5b.

In this study, the Young's modulus values of silicon carbide vary
from 148 to 277 GPa. As expected, the value strongly decreases as the
pore volume fraction increases. 0.5SiC has lower Young's modulus va-
lues than do 1SiC and 1.75SiC. This difference does not come from the
initial particle size because it has been shown in the literature that
Young's modulus of SiC is not dependent on the grain size [2]. However,
small impurities are detrimental to Young's modulus. In 0.5SiC, there is
nearly double the amount of impurities (mainly free Si and oxides)
compared to that in 1.75SiC (according to the supplier's data), which
explains the difference in Young's modulus. For TiB, and SiC, the SPS
parameters have no effect on Young's modulus, excluding the indirect
effect of the pore volume fraction.

In this study, the Young's modulus values of TiB, vary from 261 to
314 GPa. For a given pore volume fraction, the Young's modulus values
of 3TiB, appear to be slightly lower than those of 4.75TiB.. A size effect
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Fig. 6. (a) Hardness and (b) Young's modulus values of SiC and TiB, as a
function of pore volume fraction.

on the elastic properties is not expected, but the 3TiB, has more im-
purities (mainly oxides) than those of 4.75TiB,, according to the sup-
plier's data, which can explain this slight difference. A mixture of 1/3
3TiB, and 2/3 4.75TiB, presents the highest Young's modulus value due
to its pore volume fraction. The chosen value of Young's modulus for a
full-dense TiB, in Eq. (5) is 538 GPa [7], which is somewhat lower than
the measurements on polycrystalline TiB, (545-578 GPa) [10,54,55].
However, this equation fits the data well. Adding silicon carbide to the
TiB, increases the elastic modulus value from 308 GPa (pure TiB,) to
361 GPa (TS2.5) and 378 GPa (TS5) because of the better relative
density. Considering the pore volume fraction, Young's modulus of
TiB,-SiC is lower than that of pure TiB,. However, TS5 presents a better
Young's modulus than that of TS2.5.

To summarize, the Young's modulus and hardness values of silicon
carbide and titanium diboride decrease rapidly with the pore volume
fraction, as expected. For example, Young's modulus of SiC is divided by
2 and its hardness by 4 when the pore volume fraction increases from
10% to 24%. The initial powder has a low influence, and the SPS
parameters have no effect on the mechanical properties for a given pore
volume fraction. The higher elastic modulus and hardness values are
277 GPa and 19 GPa for SiC, and 308 GPa and 21 GPa for TiB,. The
mechanical properties of a TiB,-SiC composite with 5wt% SiC are
better than those with 2.5 wt% SiC.

4. Conclusion

Additive-free SiC, TiB,, and composites were densified by spark
plasma sintering. Densification of silicon carbide by SPS requires tem-
peratures above 1900 °C for micron-sized powders at any dwell time
and, for submicron-sized powders, a dwell time of 3 min is sufficient at
2000 °C. It is preferable to apply the pressure at the beginning of the
cycle instead of at the final temperature to ensure a higher initial
compaction (higher green density) at low temperatures and therefore
optimal sintering at higher temperatures. The relative density of pure
SiC increases continuously from 70% to 90%, while the initial particle
size decreases from 1.75 um to 0.5 um. The maximum density achieved
for pure TiB, is 87% at 2000 °C for 3 min. Higher temperatures do not
cause the density to increase. Mixtures of different sizes of TiB, are
detrimental to the densification process. The addition of a small amount
of SiC into the TiB, (2.5 wt%) strongly increases the relative density
from 87% to 97%. The use of higher amounts of SiC (5 wt%) does not
increase the relative density. The elastic modulus and hardness are
clearly related to the pore volume fraction, as expected. For a given
pore volume fraction, the SPS cycle (temperature, time, and pressure
procedure) has no effect on these properties. Mixtures of different sizes
of TiB, have slightly higher Young's modulus and hardness values than
those of mono-sized TiB,. The highest Young's modulus and hardness
values obtained for pure TiB, (relative density 86%) are 303 GPa and
21 GPa, respectively, and for pure SiC (relative density 90%), they are
277 GPa and 19 GPa, respectively. Using 5wt% SiC in TiB, increases
the Young's modulus and hardness values up to 378 GPa and 23 GPa,
respectively, due to a higher relative density (97%). It is worth men-
tioning that the mechanical properties of TiB,-5%SiC are better than
those of TiB,—2.5%SiC.
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