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In this study, HfB,-SiC-graphite composites were fabricated using spark plasma sintering at 1900 °C for
10 min. The effect of graphite content on the microstructure and mechanical properties was studied;
also, oxidation resistance of the prepared composites was investigated at 1400 °C for 32 h. Weight
changes and thickness of the formed oxide layer were measured. The relative density, toughness and
strength of the SPSed composites increased with raising graphite up 2.5 wt% and then decraesed. On

the other hand, the hardness of the composites was decreased when graphite was added. Oxidation
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resistance of the composites was, thus, improved following graphite addition up 2.5 wt%, while the
ecessive quantity of graphite caused poor oxidation resistance of the composites.
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1. INTRODUCTION

Compounds such as borides, carbides and nitrides of the
IV-V group intermediate metals, which have melting
temperatures above 3000 °C [1], are known as ultra high
temperature ceramics (UHTCs) [2]. Good oxidation
resistance [3] and high thermal and electrical
conductivity [4] of diboride refractory compounds, as
compared to other intermetallic compounds (carbides,
nitrides), have led to extensive research on diborides such
as (Ta, Nb, Hf, Zr, Ti)B; [5]. Among intermediate metal
diborides, HfB, and ZrB; are the most suitable options
for high temperature applications such as turbine blade
coatings, furnace elements, high temperature electrodes,
rocket motors, sharp noses and heat resistant systems [6].
HfB,, compared to other compounds at high temperature
ceramics family, has received more attention by
researchers due to its higher thermal conductivity and
chemical stability [7]. However, like many refractory
ceramics, strong covalent bonds and low self-diffusion
coefficient in HfB,, as well as the presence of oxide
contaminants, can limit the complete densification of
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these ceramics. Numerous studies have been reported on
the synthesis and sinterability of HfB, ceramics using
mechanical alloying, borothermal or carbothermal solid
state reduction, Self-propagating high-temperature
synthesis (SHS), non-pressure sintering, reactive hot
press, hot isostatic press and spark plasma sintering
(SPS) [8-12]. In the recent years, several researchers
have used the SPS method for the compaction of HfB,
ceramics. This method simultaneously employs a direct
pulse current and an external axial force on a compacted
powder in graphite die to accelerate sintering. High
heating rate (100 °C/min) and lower sintering
temperature, compared to other methods, can lead to a
finer microstructure. In addition, in this method, due to
the spark between the powder particles and the use of
direct pulse flow, materials with poor sinterability can be
successfully compacted [13]. Also, up to now, metal
additives (Fe, Ni, Co, W), nitrides (AIN, HfN, SizN4),
carbides (SiC, HfC, WC, VC) and desilicides (MoSi,
HfSi,, TiSi,, TaSi,) have been used to improve the
sintering and mechanical properties of HfB, ceramics
[14-22]. The addition of SiC as the most common carbide
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additive to HfB; not only improves its sinterability, but
also enhances its mechanical properties and oxidation
resistance. Oxidation of HfB; occurs at low temperatures
(<1000 °C). Reports indicate that the presence of 10-30
vol% SiC is required to obtain the oxidation resistance of
HfB, ceramics. The presence of SiC improves the
oxidation resistance of these composites by forming a
borosilicate glass layer and also protects the HfB; - SiC
composites up to 2000 °C in an oxidized atmosphere
without air flow. One model suggests that active
oxidation of SiC below the borosilicate glass layer leads
to the formation of a Si-depleted layer [23, 24]. As the
SiO; glass layer acts as a protective barrier, the oxygen
activity under the glass layer is much lower than that in
its surface in the presence of air. Under the reducing
conditions, SiO (g) and CO (g) have higher vapor
pressures in comparison to SiC below the SiO- layer,
which can lead to the active oxidation of SiC. It has been
reported that the addition of graphite to the ZrB,-SiC
composite could affect the formation of the Si-depleted
layer below the SiO, layer [25, 26]. In addition, the
increase in the siterability, toughness and microstructure
of ZrB,-SiC composites has been observed due to the
presence of carbon [27-30]. So far, the effects of different
sintering methods, sintering temperatures and different
values of SiC on HfB,-SiC composites have been
extensively investigated [8-13]. The present study , thus,
focused on the fabrication and estimation of the
mechanical and oxidation properties of HfB,-SiC-C
composites by the SPS method. The aim of the present
study was, therefore, to study the effect of different
amounts of graphite on the microstructure and
mechanical and oxidation properties of the HfB,-SiC
composite.

2. MATERIALS AND METHOD

Commercial HfB2 (< 2 um, purity 99%, Beijing
Cerametek Materials Co., China) as the matrix, and SiC
(< 10 pum, purity 99%, Xuzhou Co., China) and graphite
flakes (< 50 nm, purity 99.9%, Qingdao Tiansheng
Graphite Co.,China) as additives were used to synthesize
HfB2-20 vol%SiC-C. Figure 1 shows the morphological
characteristics of the starting powders. As can be seen,
the morphology of HfB2 and SiC particles was spherical
and angular, respectively. Some oxide impurities (HfO;
and B,O3) might exist on the surface of HfB, particles.
Also, graphite was morophologically nano-sized flakes.
Graphite flakes were introduced at two content levels
(2.5 and 5 wt%) to the HfB, powders. At first, HfB, and
SiC powder mixtures were milled by high-energy
planetary milling using balls and a WC-Co cup at 300
rpm for 3 h in ethanol medium, with the weight ratio of
balls to powders being 10: 1. The graphite nano-flakes
were ultrasonically stirred in diluted ethanol for 1 h; then,
the mixtures of HfB, and SiC powder was added to the
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Figure 1. SEM image of starting powders (a) HfBz, (b) SiC
and (C) graphite

slurry. The slurry was dried at 60 °C for 2 h and then
sieved using the mesh number 100. HfB,-20SiC
composites were fabricated by the SPS method at 1900
°C for 10 min in the vacuum of 0.05 mbar and under 40
MPa pressure. The obtained composites with different
amounts of graphite, including 0, 2.5 and 5 wt%, were
named as GO, G25 and G5, respectively. The
microstructure of the composites was investigated
without thermal or chemical etching. Relative density
values and porosity percent of the composites were then
calculated by the Archimedes method in distilled water.
Theoretical density was calculated according to the law
of mixtures. Phase analysis of the composites was then
performed using X-ray diffraction pattern (XRD, Philips,
Model: X'Pert MPD, Tube: Co, and I: 1.78897 A); their
surface and microstructure were examined using field
emission scanning electron Microscope (FESEM,
TESCAN, Model: MIRA) equipped with energy
dispersive spectroscopy (EDS). The average grain size of
the composites was measured using the MIP Cloud
software. The hardness of the composites was measured
using a Vickers hardness tester under 1 kg with a loading
time of 10 s. The flexural strength of the composites was
evaluated using a three-point flexural machine (Zwick
Roell SP600, Germany) with a loading rate of 0.05
mm/min. Oxidation tests were performed in an electric
furnace at 1400 °C for 32 h. The oxidation resistance of
the composites was evaluated according to the weight
changes and thickness of the oxide layer after oxidation.

3. RESULTS AND DISCUSSION

The displacement-temperature-time (DTT) curve of the
composites is shown in Figure 2. In the displacement-
time curve of the samples, three regions could be seen. In


https://en.wikipedia.org/wiki/Self-propagating_high-temperature_synthesis#:~:text=Self%2Dpropagating%20high%2Dtemperature%20synthesis%20(SHS)%20is%20a,%2C%20liquid%2C%20or%20other%20solid.
https://en.wikipedia.org/wiki/Self-propagating_high-temperature_synthesis#:~:text=Self%2Dpropagating%20high%2Dtemperature%20synthesis%20(SHS)%20is%20a,%2C%20liquid%2C%20or%20other%20solid.
https://en.wikipedia.org/wiki/Self-propagating_high-temperature_synthesis#:~:text=Self%2Dpropagating%20high%2Dtemperature%20synthesis%20(SHS)%20is%20a,%2C%20liquid%2C%20or%20other%20solid.
https://en.wikipedia.org/wiki/Self-propagating_high-temperature_synthesis#:~:text=Self%2Dpropagating%20high%2Dtemperature%20synthesis%20(SHS)%20is%20a,%2C%20liquid%2C%20or%20other%20solid.
https://en.wikipedia.org/wiki/Self-propagating_high-temperature_synthesis#:~:text=Self%2Dpropagating%20high%2Dtemperature%20synthesis%20(SHS)%20is%20a,%2C%20liquid%2C%20or%20other%20solid.
https://en.wikipedia.org/wiki/Self-propagating_high-temperature_synthesis#:~:text=Self%2Dpropagating%20high%2Dtemperature%20synthesis%20(SHS)%20is%20a,%2C%20liquid%2C%20or%20other%20solid.
https://en.wikipedia.org/wiki/Self-propagating_high-temperature_synthesis#:~:text=Self%2Dpropagating%20high%2Dtemperature%20synthesis%20(SHS)%20is%20a,%2C%20liquid%2C%20or%20other%20solid.
https://en.wikipedia.org/wiki/Self-propagating_high-temperature_synthesis#:~:text=Self%2Dpropagating%20high%2Dtemperature%20synthesis%20(SHS)%20is%20a,%2C%20liquid%2C%20or%20other%20solid.
https://en.wikipedia.org/wiki/Self-propagating_high-temperature_synthesis#:~:text=Self%2Dpropagating%20high%2Dtemperature%20synthesis%20(SHS)%20is%20a,%2C%20liquid%2C%20or%20other%20solid.
https://en.wikipedia.org/wiki/Self-propagating_high-temperature_synthesis#:~:text=Self%2Dpropagating%20high%2Dtemperature%20synthesis%20(SHS)%20is%20a,%2C%20liquid%2C%20or%20other%20solid.
https://en.wikipedia.org/wiki/Self-propagating_high-temperature_synthesis#:~:text=Self%2Dpropagating%20high%2Dtemperature%20synthesis%20(SHS)%20is%20a,%2C%20liquid%2C%20or%20other%20solid.
https://en.wikipedia.org/wiki/Self-propagating_high-temperature_synthesis#:~:text=Self%2Dpropagating%20high%2Dtemperature%20synthesis%20(SHS)%20is%20a,%2C%20liquid%2C%20or%20other%20solid.
https://en.wikipedia.org/wiki/Self-propagating_high-temperature_synthesis#:~:text=Self%2Dpropagating%20high%2Dtemperature%20synthesis%20(SHS)%20is%20a,%2C%20liquid%2C%20or%20other%20solid.
https://en.wikipedia.org/wiki/Self-propagating_high-temperature_synthesis#:~:text=Self%2Dpropagating%20high%2Dtemperature%20synthesis%20(SHS)%20is%20a,%2C%20liquid%2C%20or%20other%20solid.
https://en.wikipedia.org/wiki/Self-propagating_high-temperature_synthesis#:~:text=Self%2Dpropagating%20high%2Dtemperature%20synthesis%20(SHS)%20is%20a,%2C%20liquid%2C%20or%20other%20solid.
https://en.wikipedia.org/wiki/Self-propagating_high-temperature_synthesis#:~:text=Self%2Dpropagating%20high%2Dtemperature%20synthesis%20(SHS)%20is%20a,%2C%20liquid%2C%20or%20other%20solid.
https://en.wikipedia.org/wiki/Self-propagating_high-temperature_synthesis#:~:text=Self%2Dpropagating%20high%2Dtemperature%20synthesis%20(SHS)%20is%20a,%2C%20liquid%2C%20or%20other%20solid.
https://en.wikipedia.org/wiki/Self-propagating_high-temperature_synthesis#:~:text=Self%2Dpropagating%20high%2Dtemperature%20synthesis%20(SHS)%20is%20a,%2C%20liquid%2C%20or%20other%20solid.
https://en.wikipedia.org/wiki/Self-propagating_high-temperature_synthesis#:~:text=Self%2Dpropagating%20high%2Dtemperature%20synthesis%20(SHS)%20is%20a,%2C%20liquid%2C%20or%20other%20solid.
https://en.wikipedia.org/wiki/Self-propagating_high-temperature_synthesis#:~:text=Self%2Dpropagating%20high%2Dtemperature%20synthesis%20(SHS)%20is%20a,%2C%20liquid%2C%20or%20other%20solid.
https://en.wikipedia.org/wiki/Self-propagating_high-temperature_synthesis#:~:text=Self%2Dpropagating%20high%2Dtemperature%20synthesis%20(SHS)%20is%20a,%2C%20liquid%2C%20or%20other%20solid.
https://en.wikipedia.org/wiki/Self-propagating_high-temperature_synthesis#:~:text=Self%2Dpropagating%20high%2Dtemperature%20synthesis%20(SHS)%20is%20a,%2C%20liquid%2C%20or%20other%20solid.
https://en.wikipedia.org/wiki/Self-propagating_high-temperature_synthesis#:~:text=Self%2Dpropagating%20high%2Dtemperature%20synthesis%20(SHS)%20is%20a,%2C%20liquid%2C%20or%20other%20solid.
https://en.wikipedia.org/wiki/Self-propagating_high-temperature_synthesis#:~:text=Self%2Dpropagating%20high%2Dtemperature%20synthesis%20(SHS)%20is%20a,%2C%20liquid%2C%20or%20other%20solid.
https://en.wikipedia.org/wiki/Self-propagating_high-temperature_synthesis#:~:text=Self%2Dpropagating%20high%2Dtemperature%20synthesis%20(SHS)%20is%20a,%2C%20liquid%2C%20or%20other%20solid.
https://en.wikipedia.org/wiki/Self-propagating_high-temperature_synthesis#:~:text=Self%2Dpropagating%20high%2Dtemperature%20synthesis%20(SHS)%20is%20a,%2C%20liquid%2C%20or%20other%20solid.
https://en.wikipedia.org/wiki/Self-propagating_high-temperature_synthesis#:~:text=Self%2Dpropagating%20high%2Dtemperature%20synthesis%20(SHS)%20is%20a,%2C%20liquid%2C%20or%20other%20solid.
https://en.wikipedia.org/wiki/Self-propagating_high-temperature_synthesis#:~:text=Self%2Dpropagating%20high%2Dtemperature%20synthesis%20(SHS)%20is%20a,%2C%20liquid%2C%20or%20other%20solid.
https://en.wikipedia.org/wiki/Self-propagating_high-temperature_synthesis#:~:text=Self%2Dpropagating%20high%2Dtemperature%20synthesis%20(SHS)%20is%20a,%2C%20liquid%2C%20or%20other%20solid.
https://en.wikipedia.org/wiki/Self-propagating_high-temperature_synthesis#:~:text=Self%2Dpropagating%20high%2Dtemperature%20synthesis%20(SHS)%20is%20a,%2C%20liquid%2C%20or%20other%20solid.
https://en.wikipedia.org/wiki/Self-propagating_high-temperature_synthesis#:~:text=Self%2Dpropagating%20high%2Dtemperature%20synthesis%20(SHS)%20is%20a,%2C%20liquid%2C%20or%20other%20solid.
https://en.wikipedia.org/wiki/Self-propagating_high-temperature_synthesis#:~:text=Self%2Dpropagating%20high%2Dtemperature%20synthesis%20(SHS)%20is%20a,%2C%20liquid%2C%20or%20other%20solid.
https://en.wikipedia.org/wiki/Self-propagating_high-temperature_synthesis#:~:text=Self%2Dpropagating%20high%2Dtemperature%20synthesis%20(SHS)%20is%20a,%2C%20liquid%2C%20or%20other%20solid.
https://en.wikipedia.org/wiki/Self-propagating_high-temperature_synthesis#:~:text=Self%2Dpropagating%20high%2Dtemperature%20synthesis%20(SHS)%20is%20a,%2C%20liquid%2C%20or%20other%20solid.

M. Sakvand et al. / IJE TRANSACTIONS A: Basics Vol. 35 No. 10, (October 2022) 1867-1876 1869

the first region, the displacement was due to the
rearrangement of the particles, the increase of the contact
surface of the particles, the creation of more sparks, and
the improved thermal efficiency due to the rise of
pressure and temperature. With the improvment of
thermal efficiency, the local temperature at the particle
contact surface was increased rapidly, causing a change
in the temperature-time curve. This phenomenon has also
been reported by other researchers [31-33]. In the second
region, there was a sharp change in the displacement
curve. This sharp change was due to the increase in
pressure on the powder particles up to a final pressure of
40 MPa. Bulk deformation occurred in this area due to
high temperature, neck growth between particles, full
contact of the particles and noticeable contraction. In
samples G2.5 and G5, in the second region, the
displacement was first decreased and then increased. The
initial decrease indicated the expansion caused by the
gases created by the evaporation of impurities and
surface oxide contaminants due to the presence of the
graphite additive. In the third region of the displacement-
time curve, the increase in the slope of the curve was very
slow, thus indicating that the sintering process of the
composites was complete. In the third region, the
displacement-timecurve was almost smooth, thus
showing the complete compaction of these composites
[32]. Oxide contaminants on the surface of the HfB;
powder could increase the vapor phase transfer velocity
and particles coagulation, and reduce the direct contact
of the particles and the sintering driving force. It seems,
therefore, that the contact surface of HfB; particles was
increased through the reaction of oxygen impurities
(HfO, and B03;) with SiC [34].The result of this
chemical reaction is gaseous products such as SiO, CO
and BxOy;these, before the production of gaseous
products, cause the formation of the liquid phase, finally
increasing the sinterability of the HfB, powder [36].
Comparison of the displacement-time curve, as can be
seen in Figure 2, showed that the sinterability was
improved by adding 2.5 wt% graphite. This was due to
the lubricating properties of the layered graphite and the
increased particle slip as a result of improving the
sinterability of the composites [27]. It seems, therefore,
that with increasing the amount of the graphite additive
up to 5 wt% in the composite, due to more reaction with
surface oxide contaminants and removal of them, the
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Figure 2. The displacement-temperature-time (DTT) curves
of the sintered composites, (a) GO, (b) G2.5 and (c) G5

amount of liquid phase was reduced; as a result, the rate
of compaction and shrinkage was decreased. The density
and apparent porosity of the composites are given in
Table 1. By increasing the amount of graphite to 2.5 wt%,
due to the effect of graphite on removing surface
impurities on SiC and HfB; particles and helping to
improve the densification of the composite, density was
increased, while the percentage of porosity in the
composite was decreased. As the amount of graphite was
increased to 5 wt%, density was decreased, while
porosity was raised. With increasing graphite up to 5
wt%, due to graphite agglomeration and the space
between graphite layers, as a result of the lack of the
proper compaction of graphite layers, there was a
decrease in density and an increase in the porosity of the
composites [35]. The XRD patterns of the composites
after the SPS process are shown in Figure 3. As shown,
HfB, and SiC phases were observed in the samples and
there were no unwanted phases in the composites. Figure
4 shows the SEM images along with the elemental
analysis (EDS) of the composites surface after the SPS
process. SEM image (Figure 4a) showed the HfB,-SiC
composite (G0) surface areas with severe agglomeration.
EDS analysis of the GO sample surface also revealed that
the existing agglomerates contained HfB; particles. The
presence of this agglomerate could be due to the high
density difference of HfB, (10.5-11.2 g/cm®) and SiC
(3.2 g/cm?), and graphite (2.25 g/cm?®). According to the
SEM images in the G2 and G5 samples, the phases
forming the composite were uniformly distributed on the

TABLE 1. Physical properties of the sintered composites

sample True denssity Apparent dgensity Relative density Total porosity Open porosity Closed porosity
(gr/cm?) (grfem?) (%) (%) (%)

GO 8.75 8.62 15 0.98 0.52

G2.5 8.07 8.02 0.6 0.28 0.32

G5 7.08 6.87 29 0.96 1.94




1870 M. Sakvand et al. / IJE TRANSACTIONS A: Basics Vol. 35 No. 10, (October 2022) 1867-1876

Intensity

20 30

0 5 60 70 80
20 (Degree)

Figure 3. XRD patterns of (a) GO, (b) G2.5 and (c) G5
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Figure 4. FESEM images and EDS analysis of the sintered
composites: (a) GO, (b) G2.5 and (c,d) G5

surface; with increasing the amount of graphite up to 5
wt%, the formation of graphite agglomerates was
observed. SEM images along with the EDS analysis of
the HfB,-SiC composites at higher magnifications are
shown in Figure 5. As can be seen, the structure was
homogeneous and the particles were evenly distributed.
Two areas were clearly observed on the surface of the
composites. According to the EDS analysis, the dark
areas were related to the SiC phase and the light ones
were associated to the HfB, phase. According to the SEM
images, except for some cavities due to surface polishing
after the sintering process, no traces of porosity were
visible, thus confirming the results obtained for the
density of the composites. In addition, microcracks were
observed in HfB, (white arrow) particles. Differences in
the thermal expansion coefficients of these two phases
could lead to compressive or tensile residual stresses in

G AH B HEHBEGE

Figure 5. High magnification of FESEM images and EDS
analysis of the sintered composites: (a) GO, (b) G2.5 and (c)
G5

the deboride matrix, eventually creating micro-cracks
[36, 37]. The mean grain size curve of HfB,-SiC
composites after the sintering process is shown in Figure
6. The grain size was reduced by adding graphite to the
HfB,-SiC composites. The grain size of prepared GO,
G2.5 and G5 composites were 5.3, 3.3 and 2.4 um,
respectively. Researchers have shown that the presence
of oxide impurities on the surfaces of boride particles
causes HfB- grains to coagulate. It seems, therefore, that
adding more graphite, by removing oxide impurities,
could prevent the growth of HfB grains, thus causing the
structure to become fine. Figure 7 shows the scanning
electron images of the fracture ross-section of the
composites after the SPS process. According to the
images, the composites had a good density and the
formation of a neck between the particles, which
accelerated the compaction process (thin arrow), was
evident. Although neck formation is the characteristic of
the controlled sintering process, it seems that applying
pressures up to 40 MPa at high temperatures during the
SPS process could deform the plastic at the HfB, grains.

The deformed HfB; grains in the form of a uniform
polygonal surface could be distinguished from the other
grains in Figure7 (thick arrow). Adding SiC particles to
the HfB,-based composites could cause the formation of
an intergranular liquid phase during the SPS process. The
presence of an oxide layer on the surface of non-oxide
particles (such as HfO,, SiO, and B,Os) caused the
formation of borosilicate glass phases. . Sabree et al. [38]
in their research work on the ZrB,-SiC composite
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Figure 6. HfB2 grain size of the sintered composites

sintered composites, (a) GO, (b) G2.5 and (c) G5

sintered by the hot pressing method, also stated that the
glass phase in SEM images was visible in the form of a
coating, a uniform and brittle fracture surface or a low
thickness layer. Such a glass phase was clearly visible in
the SEM images of the cross-sections of the composites
prepared in the present research work (dashed flash).

In the HfB,-SiC composites cross-section images
with different amounts of graphite, graphite layers were
observed in the cross section. This indicated that graphite
was not converted to new phases. Thus, it could be
concluded that the sintering and compressibility in the
HfB,-SiC-C systems was non-reactive. According to the
images, the graphite layers distributed between the grains
showed that they were placed between the grains by
applying pressure during the SPS process with a specific
orientation. Shahedi et al. [35] also reported the
orientation of graphite when applying pressure to the
microstructure with a micron grain size. The fracture
surface of the sintered composites showed a combination
of intragranular and intergranular fractures. Particles pull
out and sharp edges could be seen in the images, which
could be related to the intergranular fracture that had
occurred in grain boundaries (thin arrows) [39]. In some

areas, especially when comparing surfaces with the
abnormal grain growth to other grains, wide and smooth
surfaces could be seen, thus indicating the intragranular
fracture (thick arrows). The results of the mechanical
analysis for the HfB,-SiC composites after the SPS
process are given in Table 2. According to the results
obtained from the hardness test, with increasing the
amount of graphite in the composites, hardness was
decreased from 19.04 to 10.16 GPa and then to 6.11 GPa.

Although the composite containing 2.5 wt% had a
high density, due to the inherent softness of graphite,
hardness was decreased. With increasing the amount of
graphite, hardness was further decreased in the G5
sample. Among the effective factors in the flexural
strength of materials, grain size and density or porosity
can be noted; so, the smaller the grain size and the higher
the density, the higher the flexural strength of the
composite. In the samples, flexural strength was
enhanced with increasing graphite up to 2.5 wt% due to
decreasing the matrix grain size and increasing the
density,; meanwhile, with further increasing the graphite
content to 5 wt%, flexural strength was decreased due to
the decrease in the density of the composite. Figure 8
shows the effect of the Vickers hardness test on the HfB,-
SiC composites. As can be seen, in the G2/5 sample, due
to the high density of this sample, as compared to others,
the effect of hardness was regular and no deformation
was observed around it. In other samples, the hardness
effect was more irregular due to porosity. The HfB,-SiC-
C X-ray diffraction pattern after oxidation at 1400 °C for
32 h is shown in Figure 9. According to the XRD results,
HfSiOs and HfO, phases were observed in these
composites after oxidation at 1400 °C for 32 h. The main
phase was HfSiO., although some HfO, phase was also
formed during the oxidation test. The formation of the
HfSiO, silicate phase due to the locking effect of this
phase and finally, the non-defective and crack-free oxide
coating on the composite surfaces could cause the
resistance to the oxidation of HfB, base composites [42].
HfO, and HfSiO, formation and oxidation of graphite
were formed according to the equation of the following
reactions [40-42]:

2SiC(s) +302(g) = 2Si0O2 (I) +2CO (g) 1)
2HTB2 (S) + 502 (g) = 2HfO2 (s) +2B20s (1) 2
SiO2 (I) + HfO2 (s) = HfSiOa (s) (3)

TABLE. 2. Mechanical properties of the sintered composites

Sample Hardness (GPa) Strength (MPa)
GO 8.75 8.62
G25 8.07 8.02
G5 7.08 6.87
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2C(s) +02(9) =2CO(9) (4)

B20s (1) = B203(9) (5)

It has been reported in the literature that molten B>Os
evaporates at temperatures above 1100 °C; its
evaporation rate is faster than the formation rate of the
molten B,Os at the 1100-1400 °C range, according to the
reaction (5) [42]. Thus, B,O3 phase was not observed in
the X-ray pattern of the composites after oxidation. The
SEM image of the surface of the composites after
oxidation at 1400 °C for 32 h is shown in Figure 10. As
can be seen, the surfaces of the composites were coated
with a glass layer of SiO..

Oxidation of SiC particles, at temperatures above
1100 °C resulted in the formation of a glass layer of SiO;
on the surface of the composites. Except for the GO
specimen, the glass layer was evenly distributed on the
HfB,-SiC composite surface. Two types of bubbles were
observed on the surface of this oxide layer. Some of these
bubbles had grown to the surface (Figure 10a), but some
had not been opened to the surface (Figure 10b).
Researchers believe that due to the high viscosity of the
glass layer, this layer could not flow near these bubbles
and cover the open bubbles. These bubbles could be
attributed to the accumulation of gaseous products due to
the active oxidation of SiC at the high temperature of
1400 °C (reaction (6)), as well as the evaporation of B,0O3
[43].

SiC (s) + 02(g) = SiO (g) +CO (9) (6)

As reported in the previous sections, HfB;
agglomerates were observed in the GO sample of the
composite. Thus, due to the inhomogeneous and random
distribution of SiC particles in the composite, the glass
layer was formed locally on the composite surfaces; as a
result, it was expected that the oxidation resistance of this
composite would be decreased [5]. The white crystals
with different sizes and shapes were observed on the
surface of the composites after oxidation. According to

Figure 8. FESEM images of the Vickers indenter effect of
the sintered composites: (a) GO, (b) G2.5 and (c) G5
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Figure 9. XRD patterns of the samples after the oxidation
test at 1400 °C for 32 h: (a) GO, (b) G2.5 and (c) G5
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Figure 10. FESEM image and EDS analysis of the surface
of the sintered samples after the oxidation test at 1400 °C
for 32 h: (a) GO, (b) G2.5 and (c) G5

the XRD results, these crystals were HfO; and HfSiOa.
According to results related to the ZrB,-SiC oxidation
resistance by De-We, the formation of crystalline phases
in the present study could be described as follows. After
forming HfO, and SiO,, according to reactions (1) and
(2), HfO, was first dissolved in the SiO,—B,0s; melt,
forming SiO,-B,03 (HSB) liquid in the glass layer. Then,
as the oxidation process progressed, the HSB liquid
flowed on the top of the glass layer. When B,O3; was
evaporated, HfO, particles were precipated from the
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HSB liquid. In addition, HfO. could react with SiO»
according to reaction (3) and HfSiO4 particles might also
be formed. Due to the higher melting points of HfO, and
HfSiO4 (>2500 °C), as compared to the glass layer
(1650°C), the presence and homogeneous distribution of
these crystals in the glass layer improved the stability of
the glass layer [43]. Also, according to Figure 10,
microcracks were observed on the surface of the oxide
layer of the sample GO. These cracks could be due to the
high porosity of this composite and its higher oxidation
rate, leading to the formation of gaseous products (CO»,
CO, SiO, B,0s). In addition, as previously mentioned,
given the encouragement of the active oxidation of SiC
in this composite, due to its high porosity and release of
more gaseous SiO, less HfSiO4 was formed on the
surfaces of the oxide layer. As a result, the locking effect
of HfSiO, was reduced, ultimately leading to a decrease
in the mechanical strength of the oxide layer and cracking
of the surfaces. Figure 11 shows the cross-section of the
composite samples after the oxidation test. As shown,
two layers were formed on the surface of the composites.
According to the EDX analysis, the first layer (outer
layer) was rich in Si, while the second one had moderate
amounts of Si and Hf. The thickness of each layer formed
and the weight gain of the HfB»-based composites after
the oxidation test are shown in Figure 12. Comparison of
HfB,-SiC composites containing different amounts of
graphite also showed that with increasing the amount of
graphite and burning graphite during the oxidation
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Figure 12. (a) Thickness of oxide layers and (b) weight gain
of the sintered samples after the oxidation test at 1400 °C for
32h

process at 500 °C, along with the formation of new
channels for more oxygen to penetrate the composite, the
oxidation rate and thickness of the SiO, rich layer were
increased. However, with increasing the amount of
graphite up to 2.5 wt%, due to the formation of a thicker
glass layer and the reduced rate of oxygen penetration
into the composite, the thickness of the second layer and
the increase in the weight of the composite were
decreased. Meanwhile, with increasing the amount of
graphite up to 5 wt%, due to the lower density of this
composite, the thickness of the second layer and weight
were raised again. The results of the thermodynamic
calculations showed that, due to the high negative free
energy in the HfB, base composite, reaction (2) occurred
at 1400 °C, resulting in HfO, and B,0s. Oxidation of SiC
particles occurred with a lower negative free energy;
therefore, SiC particles were then oxidized in two steps.
In the first one, the SiC oxidation reaction (1) occurred at
the temperature of 1400 °C. On the other hand, the results
reported by Mashaykh et al. [46] showed that this
reaction could occur at a temperature above 1200 °C. In
the second stage of the SiC oxidation process, reaction
(6) was performed; as a result, SiO and gaseous CO were
formed. Comparing the free energy of reactions (1) and
(6) also showed that reaction (1) had occurred; then the
SiC particles were oxidized according to the reaction (6).
Performing reactions (1) and (6) consistently could lead
to the formation of a Si-depleted layer. This layer was
not, however, observed in the composites prepared in the
present study. It seems, therefore, that the glass phase
formed by reaction (1) filled the remaining pores in the
composite structure and prevented reaction (6).
According to the literature [26, 40], there are three
theories to justify the the non-formation of a Si-depleted
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layer. According to the first theory, SiO, formed during
reaction (1) prevented reaction (6) by creating a coating
on the composite surface as a diffusion barrier layer.
Thus, gaseous SiO and consequently, Si-depleted layer
were not formed. The second theory states that even if
gaseous SiO is formed during reaction (6), the Si-rich
glass layer fills the pores and prevents the gaseous SiO
from escaping. Therefore, no Si-depleted layer was
observed in the oxidation test. The third theory holds that
graphite could increasethe activity of carbon, as
compared to sic, thus affecting the CO pressure below the
SiO; layer. Therefore, the addition of carbon prevented
the evaporation of SiC due to drop of the CO pressure
and the formation of the Si-depleted layer.

4. CONCLUSION

In the present work, HfB»-20 SiC composite reinforced
with 2.5 and 5% by weight of graphite, as prepared by
Spark Plasma Synthesis, and its effects on the
microstructure, mechanical properties and oxidation
resistance for 32 hours at 1400 ° C were investigated. The
addition of graphite improved compressibility due to
lubrication and the slip between particles. On the other
hand, the hardness of the composite was decreased
significantly with the increase of graphite, which could
be referred to as inherent softness. Addition of 2.5 %wt
graphite increased flexural strength. The HfB,-20 SiC
composite containing 5 %wt graphite had poor oxidation
resistance.The reason for encouraging the active
oxidation of SiC in this composite was the high porosity
and emission of SiO gas, which contained less HfSiO, at
the oxide layer surfaces. As a result, the locking effect of
HfSiO4 was reduced, ultimately leading to a reduction in
the mechanical strength of the oxide layer and cracking
of surfaces.
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