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Abstract

In this study, the hexagonal boron nitride (hBN)-SiC composite powder synthesis was investigated with an in situ reaction
method. Boric acid (H;BO3) and urea (CO(NH,),) were used for hBN formation. In the hBN-SiC composite powder synthesis,
primarily raw materials were homogeneously stirred in ethanol with SizNy4 balls. The samples were calcined and sintered by spark
plasma sintering at 2000 °C under pressure of 50 MPa for 15 min. The characterization of composite samples was carried out by
XRD, SEM-EDS, FTIR, and TG-DTA. The bulk density, Vickers hardness, and Young’s modulus of samples were also mea-
sured. Composites were obtained, which had homogeneous microstructure. Residual boron oxides were found in samples with
short calcination times. Moreover, it was found that the production parameters affect the physical properties of the composites

and the amount of the hBN in sintered samples.
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Introduction

Silicon carbide (SiC) is one of the most important ceramic
materials due to its high hardness and strength, chemical and
thermal stability, high melting point, oxidation resistance, and
high wear resistance at high temperatures. Besides its mechan-
ical properties, due to its electronic and semi-conductive prop-
erties, it is used in many areas [1-3]. However, SiC ceramics
were difficult to be machined for complex component engi-
neering applications. Hexagonal boron nitride (hBN) is an
inorganic material that finds many application possibilities in
the industry with its properties such as its carbon-like crystal
structure, high thermal shock resistance, thermal conductivity,
electrical insulation, chemical stability, lubricity, and machin-
ability [4, 5]. It is shown that the machinability of ceramic
materials increases with the addition of hBN, while the
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machinability of SiC has been improved by the addition of
micron-sized hBN powder; also, it has been reported that the
mechanical properties of hBN-SiC were significantly reduced
[6, 7]. Furthermore, in situ processes could create finer and
more homogeneous microstructures that have higher chemical
and microstructural stability and better mechanical properties
than those obtained by conventional processes [8]. hBN-SiC
composites were synthesized by an in situ method using sev-
eral raw materials, for example, SizN4, B4C, and C [8-11];
Si3Ny4, H3BO3, and C [12]; B4C and Si powder [13]; and SiO,,
H5BO;, and C [14].

Urea (CO(NH,),) is an inexpensive, non-toxic chemical
that can decompose in environments with water according to
reaction (1) to yield the actual reducing agent NH;. The in-
dustrial production of NH; from urea is a widely used process.

CO(NH2)2 + H,O—2NH; (g) + CO, (g) (1)

hBN-SiC composites were obtained by utilizing urea as
raw material. Although there are other studies which
employed urea as raw material, the calcination temperatures,
times, and sintering methods (hot press, reactive hot pressing,
applying an electric current in a high-pressure combustion
reactor, etc.) were different in these studies [6, 7, 15-17]. In
some studies, hBN-SiC nanocomposites were calcined at
850 °C for 16 h in a nitrogen atmosphere [16, 17].
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Moreover, in the study of Kusunose et al., hBN-SiC nanocom-
posites were calcined at 350 °C for 3h and 1100 °C for8 hina
hydrogen atmosphere [15]. In another study, the calcination
temperature of the hBN-SiC nanocomposite was selected as
850 °C for 21 h in a nitrogen atmosphere [6]. Furthermore, in
the study of Jin et al., the composite was calcined at 850 °C for
21 h and at 1100 °C for 6 h in a nitrogen atmosphere [7].
According to these studies, it was determined that the first
stage in the production of hBN-SiC composites was the calci-
nation process. Also, in these studies, it has not been adequate-
ly explained why different temperatures and times were pre-
ferred during the calcination process.

In this study, the hBN-SiC composite was synthesized by
an in situ method using «-SiC, H;BO3, and CO(NH,),. The
effect of calcination times on the hBN-SiC composite produc-
tion was investigated at 850 °C for 4, 8, 12, and 16 h, consid-
ering the literature studies. Thus, the effects of different calci-
nation times not included in the literature studies on the syn-
thesis and properties of hBN-SiC composites were deter-
mined. The calcined composite powders were sintered by
spark plasma sintering (SPS) at 2000 °C.

Experimental studies

The starting raw materials, silicon carbide (2 um, «-SiC)
(Alfa Aesar, Germany), boric acid (H3BO3) (Merck,
Germany), and urea (CO(NH,),) (Merck, Germany), were
used for producing hBN-SiC composites. In this process, the
boric acid and urea (according to the mole ratio 1:3) and sil-
icon carbide were homogeneously mixed in the planetary mill
(Fritsch, Pulverisette) in ethanol and with 13-mm-diameter
silicon nitride ball and then dried. All of the samples were
prepared in a ratio of which theoretically 30 wt% hBN in each
sample. After drying, the mixture samples were calcined at
850 °C under a nitrogen atmosphere for 4, 8, 12, and 16 h.
The obtained composite powder samples were coded as S3-4,
S3-8, S3-12, and S3-16 according to the calcination time. The
composite powders were sintered by SPS (HPD-50, FCT
GmbH, Germany) at 2000 °C, under a vacuum atmosphere
by applying 50 MPa of pressure for 15 min. The composite
powders were placed in a graphite die with a 20-mm diameter,
heat treated up to 2000 °C with a 100 °C/min heating rate, and
the powders were turned off to achieve fast cooling. The elec-
tric current was pulsed periodically with 12 pulses/ms (2 of 12
pulses off as a recovery time). The temperature was increased
by controlled electrical current and was measured with an
optical pyrometer inside the graphite punches. The sintered
composite powders were coded as S3-4S, S3-8S, S3-128,
and S3-16S.

Thermal analysis of mixed composite powders and cal-
cined powders was carried out with TG-DTA (Netzsch, STA
449 F3). Thermal analysis was conducted in a nitrogen
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atmosphere with a 5 °C/min heating rate up to 1400 °C. The
crystalline phases of the calcined composite powders and
sintered samples were determined using an X-ray diffractom-
eter (XRD). X-ray powder diffraction patterns were obtained
with a Rigaku Rint 2000 X-ray diffractometer with CuK«x
radiation (\ = 1.5418 A), in the 20 range of 20-50° with the
scan speed of 2°/min. The amount of the phases was calculat-
ed by using the JADE software and MAUD program. The
surface morphologies of calcined and sintered samples were
investigated by means of scanning electron microscopy
(SEM, ZEISS SUPRA 50VP) which is equipped with an
energy-dispersive X-ray probe (EDS, Oxford Instruments,
UK)). FTIR was recorded with a Bruker Tensor 27 model
spectrophotometer within the range 600-4000 cm . The den-
sity and open porosity were evaluated by Archimedes’ princi-
ple. The microhardness was tested on a polished surface by
Vickers indentation with a load of 5 kg for a 5-s dwell time
(EMCO TEST M1C 010).

The theoretical density was calculated using the mass frac-
tions and densities. The density values of SiC and hBN were
utilized as 3.21 g/em® and 2.27 g/em’, respectively. The B,O5
density is not included in the theoretical density calculation.
Young’s modulus was determined by the non-destructive
method with a Tektronix TDS 1012 oscilloscope.

Results and discussion
Thermal analysis

According to the thermal analysis results, the mass loss of the
composite powder mixture was completed at ~800 °C
(Fig. 1). Urea completes thermal reactions up to about
750 °C and degradation is very slow above this temperature
[18]. Urea is transformed into biurea form when it melts at
133 °C, and at the same the mixtures lose water. However, its
physical structure is not clear at this temperature, although it is
reported to have begun to melt [19, 20]. It has been mentioned
that formation of biurea from 133 to 220 °C is continued [19].
Amylin, melamine, ammonia (NH;), and cyanuric acid
(HNCO)3 occur with increasing temperature, and mass
change takes place with a decomposition of NH; and
(HNCO); at around 380—400 °C. It has been shown that the
formation of carbon, nitrogen, and hydrogen continued up to
700 °C with increasing temperature [18-20]. In the TG-DTA
graph of the composite powder mixture, it was pointed out
that the peaks of dehydration of boric acid overlap with de-
composition peaks of urea. The boric acid loses its water
above 150 °C and transforms to boron oxide. Although crys-
talline boron oxide has a melting point at 450 °C, amorphous
boron oxide does not have a specific melting temperature.
Amorphous boron oxide begins to melt at 325 °C and be-
comes fluid at 500 °C [21, 22]. According to these results,
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Fig. 1 The thermal analysis for raw composite mixture

the calcination temperature of the samples was selected as
850 °C.

In the thermal analysis results of the calcined samples at
850 °C and in different calcination times, it has been observed
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that reactions continue and mass loss occurs (Fig. 2). The
mass loss of the sample S3-4 was 7.51% (being the highest
value among the other samples) that was calcined for 4 h. The
mass loss of samples S3-8, S3-12, and S3-16 was 3.34%,
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Fig. 2 The thermal analysis graphs of calcined samples at 850 °C. a S3-4. b S3-8. ¢ S3-12. d S3-16
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2.67%, and 2.68%, respectively. As calcination time increases,
mass loss decreases depending upon time. The reason for mass
loss in the samples is thought to be that the raw materials still do
not complete decomposition or that it is due to the hydration of
the composite powders after calcination. It can be said that the
urea and boric acid reactions are performed less in the 4-h calci-
nation times. As calcination time is extended, endothermic peaks
decrease. There are mass increases above 1000 °C in Fig. 2, and
it is thought to be that nitrogen contributes to the formation of BN
during the thermal analysis [23].

Characterizations

The FTIR spectrum of calcined samples at 850 °C is demon-
strated in Fig. 3. Two strong characteristic peaks are located at
13901400 and 790835 cm ' which could be observed clear-
ly in all samples. The peak at 1390-1400 cm ' can be attrib-
uted to the B-N stretching vibrations [24, 25]. The other peak
located at 790-835 cm ' is due to the B-N-B bending vibra-
tions and Si—C stretching vibrations. In the literature, the
peaks at 800 and 834 cm ™" are related to the Si—C vibrations
[26, 27]. While there is only a single one peak at 790—
835 cm ! in S3-4, the presence of the 2nd peak in S3-8 starts
to appear and two peaks are at 790-806 and 829-835 cm ! in
S3-12 and S3-16, respectively (Fig. 3). The peak observed at
1100-1106 cm ™" is probably because of the presence of some
surface bonds containing boron and/or nitrogen, C-B bond
[24], or could be referred to B—-O—H in-plane vibrations
[28]. The intensity of the peak at 1100-1106 cm ™' is reduced
due to the increase in calcination time. It indicates that boron
oxide remains in the system when calcination time decreases.
The small peak observed at 680 cm ™' is probably due to the
Si—H bond [29, 30] or various bonds of B and N with oxygen:
B-0, O-B-0O, B-O-B, and B-N-O [31]. The peak seen at
1620-1690 cm ™' can be attributed to the C=O stretching

vibrations [32-35] or could be referred to N-H vibrations
[36] in the S3-4 sample. As a result, it points to the presence
of urea residues at S3-4. The 2360 cm™ ' peak is attributed to
environmental CO, gas [37, 38].

Figure 4 shows the XRD patterns drawn with raw data of
the calcined samples for different calcination times. It is found
that the calcination time does not affect the SiC phases. BN
formation was not observed in the XRD patterns after calci-
nation because it has not completed the formation of hBN
structure. However, the FTIR analysis showed the B-N
stretching vibrations and the B-N-B bending vibrations.
Because this reaction temperature (850 °C) is lower than the
conversion temperature of the amorphous boron nitride to the
crystalline boron nitride, the composite powders are coated
with amorphous boron nitride. Wang et al. measured an amor-
phous BN cloud thickness of less than 100 nm and a few 20—
30-nm size particles at 850 °C [16]. As reported in the litera-
ture, hBN formation occurs at temperatures above 1500 °C
[39-42]. According to Hubacek et al., boron nitrides are
turbostratic when heated to 1300 °C: the mesographitic form
of hexagonal boron nitride at between 1300 and 1600 °C and
the crystalline hexagonal form at 1600 °C [43]. In the EDS
analysis, there are boron, nitrogen, and oxygen peaks in all the
calcined samples (Fig. 5). This oxygen is thought to be caused
by materials that have not completed the reaction from the
precursor materials. Brozek and Hubacek have reported that
growth of boron nitride crystals is a condensation character
and the termination of it is seen as a reaction of hydroxylic and
hydrogen radicals in periphery areas of the macromolecules.
This approach can elucidate the formation of a certain amount
of oxygen in samples treated even at high temperatures [44].
TG and FTIR results support this approach. Studies on hBN
production show that these impurities are removed by wash-
ing with HCI [40] or pure water [43] after heat treatment.
Because boron nitride is amorphous, it is not observed in the

Fig. 3 FTIR analysis spectra of 120
calcined samples at 850 °C cm™!
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Fig. 4 XRD patterns of the hBN-
SiC composite powders after cal- * 4H-SiC
cination at 850 °C + 6H-SiC
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SEM images of all samples at different calcination times
(Fig. 6).

After sintering by SPS at 2000 °C for 15 min under pres-
sure 50 MPa, the hBN (JCPDS PDF no. 034-0421) peaks
were detected in all samples (Fig. 7). Boron oxide (JCPDS
PDF no. 006-0297) continued to exist in the 4-, 8-, and 12-h
calcined and sintered samples. In the 16-h calcined and
sintered sample, there is no boron oxide. In the SEM images
of all the sintered samples, the hBN particles can be clearly
seen (Fig. 8). In the EDS analysis, there are boron and nitro-
gen peaks in the sample (Fig. 9). The hBN has a flake shape
and formed homogeneously at the grain boundaries of SiC [§].
The hBN flakes in all the samples were measured for over
1 um. For the samples that are calcinated at 850 °C for 16 h
and hot pressed at 1850 °C, the hBN particle sizes were re-
ported to be below 100 nm [17]. In some studies, nanometer
hBN formation is also mentioned when the samples were
subjected to different sintering processes with various

Fig. 5 EDS results of the S3-8
sample after calcination at 850 °C

3um

Electron Image 1

calcination temperatures and times [6, 7, 15]. In this study,
micron-sized hexagonal boron nitride was measured from
the SEM image even at the shortest calcination time.

The raw material mixtures of all of the samples were pre-
pared to obtain 30 wt% hBN. The quantitative amount of
sintered sample phases was calculated by Rietveld analysis,
and the results are given in Table 1. It was noticed that the
amount of the hBN in the 4-h calcined sample was lower than
that in the other samples. According to XRD graphs, boron
oxide is present in the samples which were calcinated up to
12 h. As boron oxide was not taken into consideration in
Rietveld analysis, the errors in phase quantities were accepted.
Although boron oxide is neglected, it was found that the
amount of hBN increases when the calcination time was more
than 4 h. The calcination of the urea residues and/or multi-
stage dehydration contribute to the formation of the boron
nitride [45]. Therefore, the time of calcination is an important
process parameter.
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Fig. 6 SEM images of calcined samples at 850 °C

Densification behavior

Figure 10 shows the densification curves as a function of
temperature and time for the hBN-SiC composite samples
during the SPS process. The densification of the samples dur-
ing sintering was determined by these curves depending on
the amount of displacement in the punches. The relative piston
movement exhibits the shrinking behavior in real-time

densification of the powders. The initial densification temper-
atures of samples S3-4S, S3-8S, S3-128S, and S3-16S were
1987 °C, 1487 °C, 1449 °C, and 1404 °C, respectively. As
the calcination time of the samples was increased, the initial
temperature of the densification was decreased. Shuba and
Chen have reported that the densification temperature is de-
creased with the addition of BN in an &-SiAION/BN compos-
ite study [46]. In addition, in the study of Motealleh et al.

Fig. 7 XRD pattern of sintered
samples at 2000 °C * 4H-SiC
+ 6H-SiC
* BN
° BZOS
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Fig. 8 SEM images of sintered samples at 2000 °C

which examined the wear behavior of SiC-hBN composites
that were sintered by SPS using the liquid phase, it was shown
that the densification curves decrease toward the lower tem-
peratures with increasing the hBN content in the hBN-SiC
composite [47]. In the S3-4S sample, densification continues
during the sintering operation at 2000 °C for 15 min and it can
be said that the densification has not been completed at the end
of this period. It is impossible to sinter SiC intensively without
any sintering additive. In various studies, SiC was produced
by solid-state sintering at temperatures above 2200 °C with
the addition of B and C at low ratios, and high-density SiC

Fig. 9 EDS results of the sintered
S3-16S sample at 2000 °C

Electron Image 1

was produced at low temperatures between 1850 °C and
2000 °C using Al,O3 and Y,Oj sintering additives [48-50].
The shrinkage amounts from the densification beginning tem-
perature to the end of the densification were calculated as
1.63 mm, 1 mm, 1.25 mm, and 2.28 mm for the samples S3-
48, S3-6S, S3-12S and S3-168S, respectively. When the
sintering is examined from the beginning to the end of the
S3-4S sample, it was determined that the amount of shrinkage
is higher than that of the other samples. This shrinkage in the
sample S3-4S depends on the excessive mass loss at sintering
initial temperatures as a result of not completing the urea and
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Table 1 The amount of phases in

the sintered samples Sample code 6-h SiC wt% 4-h SiC wt% Calculated hBN wt% Theoretical hBN wt%
S3-48 79.86 4.38 15.76 30
S3-8S 73.27 425 22.48 30
S3-128 73.60 4.65 21.75 30
S3-168 74.40 5.30 20.30 30

boric acid reactions during calcination, as shown in Fig. 2a. As
the period of calcination increases, it is thought to be that the
hBN particles which are located between the SiC grains, due
to the high compaction pressures used in SPS, lead to a high
rate at packing and thus an increase in shrinkage. This depicts
that with the increasing calcination time, the hBN is better
crystallized and consequently helps to pack at lower tempera-
tures during sintering. In a study, it was reported that the hBN
particles increased the packing amount and shortened inter-
granular diffusion distance. Furthermore, it has been reported
that the hBN particles are very soft and compliant and there-
fore support packing as lubricants due to their deformations
under high compaction pressures used in SPS [47]. Therefore,
it can be considered that the hBN particles lubricate the SiC
grains during the stage of mechanical compaction, thereby
facilitating particle sliding and affecting packing.

Physical properties

The measurements of the physical properties of samples are
given in Table 2. Silicon carbide has 347.01 GPa Young’s
modulus and 20-26 GPa hardness [51] while hBN has
36.5 GPa Young’s modulus and 1-2 GPa hardness [52].
Therefore, hBN causes the reduction of Young’s modulus
and hardness in the composite material. It can be observed
that the S3-4S sample has the lowest open porosity and the

highest bulk density, but Young’s modulus is the lowest
among the samples. It was thought to be that the bulk density
of this sample is higher due to impurities from precursor ma-
terials that are not incorporated into hBN during sintering. In
the TG analysis of S3-4S, mass loss is the highest among the
other samples. It is reported in literature that the addition of B
and C is used for densification of silicon carbide, and B
[53-56] and C [56] provide densification by increasing the
diffusion at the SiC grain boundary. But the hardness mea-
surement of S3-4S was not carried out because of collapsing.
In addition, even though the same amount of calcined powder
was utilized in all the samples during SPS, the S3-4S sample is
the thinness sample. Some areas of the S3-4S sample have
large pores that result in excessive gas exiting. For this reason,
this sample has the lowest Young’s modulus. After 8 h of
calcination, the density of the samples increases with the ex-
tension of increasing calcination time. The results are in good
agreement with shrinkage amount of the densification curves
in the SPS. This presents that with increasing calcination time,
the hBN is better crystallized and consequently helps to pack
during sintering. Moreover, it is thought to be that the Vickers
hardness values of all samples after 8 h of calcination reduce
due to the increase in hBN [6, 15, 17] and better crystallization
in the composite. Young’s modulus increases slightly as the
open porosity volume decreases. In addition, the study of SiC-
hBN in which Yang et al. synthesized by an in situ method

Fig. 10 SPS densification curves
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Table 2 The results of the physical properties of sintered samples at 2000 °C

Sample Open porosity Bulk density Theoretical density Relative density ~ Young’s modulus (£, Vickers hardness
code (%) (g/cm3 ) (g/cm3) (%) GPa) (GPa)

S3-48 2.963 2.875 3.062 93.89 122.266 Collapse

S3-8S 7.947 2.643 2.999 88.13 163.884 3.76

S3-128 6.941 2.686 3.006 89.35 157.628 3.88

S3-16S 6.003 2.749 3.019 91.06 185.779 321

reported that Young’s modulus decreased with increasing ~ References

amount of hBN [57]. The amount of hBN in the S3-16S sam-
ple is less than those in the S3-8S and S3-12S samples, and
Young’s modulus is higher. Vickers hardness decreases in the
S3-16S sample due to better crystallization of hBN in the
composite. Due to the graphite-like layered crystal structure
of hBN, the bond strength between the layers is low.
Therefore, hBN is easily broken through the intermediate
layers and this reduces the hardness of the composite.

Conclusions

The hBN-SiC composite was successfully produced by an in
situ method using «-SiC, H;BO;, and CO(NH,),, and calci-
nation times on the hBN-SiC composite production were in-
vestigated at 850 °C. The following results can be drawn:

— Amorphous BN in the structure was formed when calci-
nation was applied to composite powder mixtures at
850 °C, and it was found that phases and microstructure
do not change with changing calcination time.

— As calcination time was increased, mass loss was de-
creased. The results indicated that reactions continued
and calcination time must extend to minimum 12 h.

—  The hBN structure was clearly confirmed after sintering
at 2000 °C. The hBN is a flake shape and has been ho-
mogeneously formed at the grain boundaries of SiC.

—  The hBN flakes in all the samples were measured for over
1 um.

— Boron oxide remained in sintered samples which
were calcined up to 12 h, and the calcination time
caused to change the physical properties of the
sintered samples.

— It has been concluded that the calcination period is an
important process parameter in the production of the in
situ hBN-SiC composite.
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