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ABSTRACT

KEYWORDS

In this study, in situ composite was manufactured by using TiB, matrix and C;N, additive UHTC

through spark plasma sintering. The optimum SPS parameters were considered and the process

Spark plasma sintering

was carried out at a temperature of 1900 °C for 7 minutes by applying an external pressure of SPS

40 MPa. The thermodynamics of possible reactions during the process were investigated. The

Graphitic carbon nitride (g-C;Ny4)

products of the chemical reactions were identified. The complementary XRD investigations, Composite

the EDAX analysis, and SEM microscopy were used to confirm the in-situ formation of new

OPEN/~ ACCESS

phases. The results showed that the used carbon nitride was decomposed into its constituents,

i.e., carbon and nitrogen, and the BN phase has been formed as a result of chemical reactions.

© 2023 The Authors. Published by Synsint Research Group.

1. Introduction

Thermal stability, melting temperature above 3000 °C, high resistance
to thermal shocks and wear, suitable performance in corrosive
environments, chemical compatibility, high electrical and thermal
conductivity, and remarkable mechanical properties are the several
unique characteristics of a group of materials known as ultra-high-
temperature ceramics [1-5]. The UHTCs (ultra-high-temperature
ceramics), which are borides, nitrides, and carbides of transition metals,
have been investigated a lot for a wide range of technological
applications, including electrical equipment, cutting tools, solar energy
devices, aerospace applications such as leading edges of wings and
nose cones of hypersonic vehicles, scramjets, and rockets [6-9].
Among UHTCs, the titanium diboride (TiB,) which is used in this
study has a 3325 °C melting point, high thermal shock resistance, high
hardness and elastic modulus, good chemical neutrality, and thermal
and electrical conductivity. So, it has become a very favored ceramic
due to its Unique structural, physical, and thermodynamic properties
[10-12]. The high melting temperature and low self-diffusion of
UHTCs, which is affected by the nature of the atomic bonds of these
materials (covalent bond), has made the manufacturing of fully dense

parts a serious challenge. Various manufacturing methods have been

developed for these materials including, hot pressing [13-14],
pressureless sintering [15], laser sintering [16, 17], microwave sintering
[18, 19], and spark plasma sintering [20-26]. Among the mentioned
techniques, the spark plasma sintering (SPS) method has been studied
and investigated a lot due to the short process time and limitation of
grain growth, energy saving and cost-effectiveness, and improvement
of mechanical properties [27-30]. The SPS is known as one of the
most useful techniques developed for the manufacturing of ultra-high
temperature ceramics. The technique is based on the simultaneous
application of heat and axial pressure, based on using the Joule heating
phenomenon inside the powder sample. The SPS could sinter ceramic
powders in a shorter time and at a lower temperature compared to
conventional methods (such as hot pressing) [31, 32]. In this method,
the grain growth is significantly limited, and as a result, the final
product has homogeneous finer grains, which could improve the
mechanical properties [33]. SPS has been used to fabricate numerous
materials such as metals and alloys, ceramics, composites, especially
some amorphous materials, and structures with different grain sizes
[34]. Recent studies have shown that the SPS under optimum
parameters by different additives has improved different properties of
TiB,-based composites.
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Shahedi Asl et al. [35] investigated the effects of different
parameters (temperature, pressure, time, and size of secondary
phase) on the grain growth and hardness of TiB,-SiC 20 vol%
composite. They have reported that the existence of SiC
particles and the in-situ formation of nano-sized TiC phases
limited grain growth, which resulted in a finer grain. The SPS
temperature is the most prominent factor in the grain size in
TiB,-SiC composites. Based on the analysis, the sintering
temperature is identified as an essential factor that has a
substantial effect on hardness and grain size. Furthermore, the
SPS pressure and SiC particle size played the most influential
role in increasing the hardness. They got concluded that the
hardness improved by increasing temperature, time, and
pressure. Unlike the temperature, the holding time had no
noticeable effect on the grain size and hardness.

Yin et al. [36] prepared a composite tool through a TiB, matrix
reinforced by titanium carbide and nano-scale graphene sheets
by SPS. They investigated microstructural evaluation and the
effects of additives on mechanical properties and strengthening
mechanisms. The results showed that the TiB,-TiC composite
with 0.1 wt% Nano-scale graphene sheets sintered at 1800 °C
with a dwell time of 5 minutes, granted fully dense instances
with desirable enhanced mechanical properties. The fracture
toughness increased by 31.7% compared to TiB,/TiC without
graphene nanosheets. The toughness enhancement was mainly
due to the bridging mechanism in the crack.

Graphitic carbon nitride (g-C;N, ), which is often known for its
catalytic applications like water treatment [37], and oxygen
reduction reactions [38], recently has been found in non-
catalytic applications such as an additive phase in composites
[32]. Ahmadi et al. [39] suggested a new application for g-C;Ni,
by using it as a sintering aid and reinforcing phase in the ZrB,
matrix in the SPS process. The g-C;N4 solved the sintering
problems of ZrB, and improved the relative density and
mechanical properties. The addition of 5 wt% of g-CiN,
enhanced the sintering quality and relative density of ZrB,/g-
C;N, ceramics compared to the pure ZrB, increased from 76.5%
t0 99.8%.

In this research, C;N; was used as an additive in the TiB, base
composite. The possibility of in situ formation of new phases
and possible reactions during the process were investigated
from a thermodynamic viewpoint. The optimum parameters of
the SPS were considered and the process has been carried out at
1900 °C for 7 minutes under the external pressure of 40 MPa.

The product then cooled down to room temperature and milled
to get a fine powder.

2.2. Preparation of powder mixture

First, a sample of 10 g of TiB, powder and 1 g of g-C;N,
powder was prepared. Next, a suspension of powder was
prepared in 100 cc of 96% pure ethanol. An ultrasonic bath
(Daihan WUC-D10H) then was used for 30 minutes for
dispersing the particles. The dispersed powder was dried by a
magnetic stirrer-heater (Heidolph MR 3001 K) at 110 °C. In
order to evaporate the ethanol completely, the dryer at 120 °C
for 12 hours was used. Finally, the powder mixture was poured
into a mortar, and after shredding, the obtained powder was
passed through a sieve (mesh of 100).

2.3. SPS Process

The SPS was performed by an electrical furnace (SPS-20T-10)
using graphite foils into the sample and punch interface in order
to easily separate the sample and prevent conceivable reactions.
Afterward, the mold was placed inside the device chamber the
air inside the chamber was evacuated. The sample was sintered
at a temperature of 1900 °C for 7 minutes under a pressure of
30 MPa. After sintering, the surface of the sample was polished
and microstructurally studied by a field emission scanning
electron microscope (Tescan Mira3). The phase analysis was
carriecd out by an X-ray diffractometer detector (Philips
PW1730). The EDS analysis also was performed to investigate
the elemental composition of phases. A thermodynamic
approach was used to investigate the possible reactions.

2. Experimental procedure

2.1. Materials

In the present work, commercial TiB, powder (a product of the Chinese
company, Xuzhou Hongwu Co.) with a purity of 99.9% and an average
grain size of 3-8 um used as the matrix, and g-C;N4 powder as the
reinforcing agent.

The carbon nitride used in this research was prepared by the
multiple condensation method of melamine, a product of Loba
Chemie Melamine Company with a purity of 99.2%. To prepare
the powder, 0.5 g of melamine was loaded into an alumina
crucible and kept at a temperature of 520 °C for 240 minutes.

3. Results and discussion

The X-ray diffraction pattern is shown in Fig. 1. Based on the
results, in the sample with 10 wt% g-C;N,4, besides the TiB,, the
BN phase peaks were detected due to chemical reactions. The
absence of C;N, peaks shows the C;N4 is consumed completely.
The thermodynamic evaluations, microstructural, and EDS
analysis also confirm the BN formation and C;N4 consumption.

Some researchers have indicated that when TiB, powder
exposes to the air, an oxygen-rich layer forms on the surface of
the powder particles during the preparation process according to
Eq. 1 [40].

2TiBa(s) + 50,(g) — 2TiOx(s) + 2B,0x(1) )

In terms of kinetics, after the formation of the first oxide layers,
the oxidation rate of TiB, is severely limited, because the oxide
layer prevents further penetration of oxygen. As the temperature
increases and the sintering progresses, at 450 °C, B,O; appears
as a molten phase, which can increase the sintering capability of
TiB, [41]:

B205(s) — B,0s(]) 2

The C;N; completely decomposed into its ingredients, i.e.,
carbon and nitrogen gas at a temperature of 750 °C [42]:

C3N; — 3C + 2Ny(g) 3)
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Fig. 1. XRD pattern of TiB,-g-C;N, composite.

This also proves the XRD results. The in-situ formation of BN
can be caused by the reaction between the oxide components

mentioned in Eq. 1 and the elements obtained from the
decomposition mentioned in Eq. 3 as the following reactions:

B,0; +3C + Ny(g) — 2BN + 3CO(g) @
TiB, + C + Ny(g) — TiC + 2BN %)
TiB, + % Ny(g) — TiN + 2BN (6)
TiO, + 3C — TiC + 2CO(g) (7)

The Gibbs free energy indicates the spontaneity of a chemical

reaction. A reaction is thermodynamically more conceivable
when the variation of Gibbs free energy is more negative [43].

The variation of standard Gibbs free energy for Eqgs. 4-7 versus
temperature is shown in Fig. 2. According to Fig. 2, the Gibbs
free energy of Eqgs. 5 and 6 from 100 to 1900 °C is more
negative compared to other reactions, hence, these reactions are
thermodynamically  preferable As the

probability of in situ formation of BN, TiC, and TiN phases is

to occur. a result,

higher. The Gibbs free energy of surface oxidation of Egs. 4 and
1100 °C and 1300 °C,
the progress of these reactions

respectively,
up the

7 becomes negative at
which
sintering temperature. i.e., 1900 °C.

indicates to

It should be noted that the removal of the oxide surface of the
the [44].
the formation of BN through three of the four possible reactions,

powder particles improves sinterability Considering
the possibility of its formation is too high. In the XRD results,
besides the TiB,, the BN phase was also detected, which was
formed by situ synthesis.

The FE-SEM images of the TiB,-g-C;N, composite are shown
in Fig. 3. As shown, two different regions are seen. The light

gray phase is TiB,, with some dark-colored phases scattered.

Considering that C;N; decomposes into its components at
750 °C, the dark areas are related to carbon.

A higher magnification FE-SEM  image of the red
rectangle in Fig. 3 is shown in Fig. 4. According to
Fig. 4, there is a plucked area in the center of the image,
which is removed and separated from the sample during

the polishing process.
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Fig. 2. The variation of standard Gibbs free energy for Eqs. 47 versus temperature.
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Fig. 3. The FE-SEM image of the TiB,-g-C;N, composite.

Fig. 5 illustrates the EDS results of Fig. 4. As it is evident, in
the investigated section, the amount of carbon and oxygen is
much higher than other elements, respectively. The areas around
the plucked area of the sample, which are dark, are carbon-rich.
This confirms that the C;N4 has been decomposed into its
components of solid carbon and nitrogen gas. The EDS map of
Fig. 4 is also shown in Fig. 6. According to the EDS map, the
detached area of the sample was an oxidized impurity that was
separated from the sample during the polishing process.

MIRA3 TESCAN]

SUT - FESEM

Fig. 4. A higher magnification FE-SEM image of the red rectangle
in Fig. 3.
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Fig. 5. EDS result of composite extracted from Fig. 4.

Furthermore, the intense concentration of carbon in the
corresponding dark-colored areas in Fig. 4 is quite apparent.
The presence of oxygen is obvious in the EDS map in the
detached area.

An elemental x-ray map of the fracture surface of the
TiB,-g-C;N,; composite is presented in Fig. 7. According to the
TiB, matrix, the accumulation of boron and titanium elements is
obvious in the elemental map. The presence of nitrogen in the
places where boron is aggregated confirms the in-situ formation
of the BN phase.
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Fig. 6. EDS map of area shown in Fig. 4.
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Fig. 7. FE-SEM image and EDS maps of the fracture surface of
TiB,-g-C;N, composite.
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4. Conclusions

In the presented work, TiB,-based composite was manufactured
using graphite carbon nitride additive by the Spark Plasma
Sintering  process. SPS  process  parameters, i.e., SPS
temperature, time, and pressure optimally were considered as
1900 °C for 7 minutes by applying an external pressure of
40 MPa. In order to complete the thermodynamic analysis of the
reactions, XRD tests and EDAX analysis, and microstructural
investigations were carried out by the SEM microscope. The
results exhibited that the used carbon nitride was decomposed
into its constituents, i.e., carbon and nitrogen. Furthermore, the
new BN phase was formed in situ in reaction with decomposed
components of carbon nitride in the prepared composite.
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