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A B S T R A C T   

In this study, the relationship between machinability, mechanical properties and microstructure of hBN-SiC 
composites was investigated. Manufacturing of the composites started with the calcination of raw materials at 
850 ◦C for 16 h under a nitrogen atmosphere prior to mixing with 5 wt% of Al2O3:Y2O3 sintering additives and 
then powder mixtures were spark plasma sintered at 1850 ◦C for 17 min by applying 50 MPa pressure. Char
acterizations of the samples were carried out with FTIR, XRD, SEM and TEM methods. The physical and me
chanical properties of the samples were determined with density measurement, Vickers hardness, Young’s 
modulus, three-point bending, fracture toughness and drill test methods. The amount of in-situ formed hBN 
phase within the sintered composites was calculated by using the Rietveld method. The physical, mechanical and 
machinability properties of the composite were evaluated according to the calculated amount of hBN. The 
highest drilling speed during the test was obtained as 34.24 mm/min for the sample containing 29 wt% of hBN. 
Increasing the drill load from 19.61 N to 49.03 N resulted in 4.33 times increase in the drilling rate. TEM and 
STEM studies which were carried out for the microstructural investigations showed the internal defects as 
delamination bands within hBN phase formed during sintering. In addition to these analyses, novel precession 
electron diffraction method in TEM was utilized for orientation mapping to investigate any possible orientation 
relationship between SiC and in-situ synthesized hBN phase.   

1. Introduction 

Silicon carbide (SiC) is one of the most important high temperature 
structural ceramics due to its high elastic modulus, high strength at high 
temperatures as well as high thermal and chemical stability. SiC ce
ramics are also used in a wide range of applications due to their elec
tronic and semi-conductor properties. Even though SiC has superior 
mechanical properties at high temperatures, it is limited to obtain 
complex geometries with machining due to the fragile structure of SiC. 
Therefore, machinability properties for SiC are very important and 
machining costs are high. 

Hexagonal boron nitride (hBN) is an extraordinary material due to its 
physical and chemical properties such as low elastic modulus, high 
thermal shock and electrical resistivity, high chemical stability at 
elevated temperatures as well as high machinability [1–3]. Due to the 
high machinability of the hBN, it became a filler material for SiC ceramic 
composites. On the other hand, one of the major disadvantages of the 

use of hBN particle addition is the decreased fracture toughness of the 
composite due to the low fracture toughness and delamination of the 
micron-sized hBN particles [4,5]. Additionally, the homogeneous dis
tribution of SiC and hBN particles cannot be achieved with conventional 
mixing methods prior to densification [4,7]. Therefore, studies under
taken recently have focused on the production of hBN-SiC composites 
having homogeneously distributed sub-micron hBN particles to improve 
machinability, fracture toughness and thermal shock resistance [2,5–8]. 
In-situ formation of hBN particles within the SiC matrix, during pro
duction of the composites, is an alternative approach to overcome a 
non-homogeneous hBN particle distribution problem while obtaining 
sub-micron sized hBN particles. 

In the literature, there are several different studies presenting that 
hBN-SiC composites were produced by in-situ synthesis of hBN and SiC 
particles with reactions of various starting raw materials. In-situ for
mation of hBN particles within SiC matrix occurs by chemical reactions 
of; (i) Si3N4, B4C and C [2,3,9,10], (ii) Si3N4, B2O3 and C under Ar 
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atmosphere [8], (iii) B4C and Si under high pressurized nitrogen atmo
sphere [11], (iv) nitridation of borosilicate glass by using SiO2, H3BO3 
and Si and carbothermal reduction in nitrogen atmosphere [6]. In these 
studies in which SiC and hBN are synthesized together, the main focus is 
on the in-situ synthesis methodology besides physical and mechanical 
properties. 

Moreover, some studies examine the machinability of the hBN-SiC 
composite produced with different starting raw materials, production 
methods and sintering additives [4,5,7,12,13]. In the hBN-SiC nano
composites that were produced with in-situ hBN formation by using 
H3BO3 and CO(NH2)2 raw materials, it was observed that in-situ syn
thesis methodology resulted in homogeneous hBN particle distribution 
within SiC matrix [4,5,7,12]. With this synthesis methodology, it is also 
reported that the size of in-situ formed hBN particles may reach below 
100 nm [12], and smaller hBN particles in the composite provide high 
bending strength [4,7] and fracture toughness [4]. Because small par
ticles have reduced the boundaries, inclusions are more likely to occur 
within the matrix, and borders can easily break through them. Large 
particles tend to remain within the grain boundaries because they 
significantly reduce the boundary energy and are difficult to break 
through the grain boundaries [12]. Because of this reason, decreasing 
the size of hBN particles within the composite can result in better 
machinability of the composites. In SiC composites containing 30 wt % 
hBN, the drilling velocity in the composites with micron-sized hBN and 
nano-size hBN was measured as 7.8 mm/min and 10.5 mm/min 
respectively [4], which shows that decreasing the hBN particle size 
improves the machinability of the composites. 

In the literature, the production of SiC-hBN composites has been used 
generally hot pressing [5,7,12]. This method, since sintering takes place 
at longer sintering times and higher temperatures, it negatively affects 
the achievement of mechanical properties expected from materials due 
to grain growth. SPS method has very high heat efficiency due to the 
application of high electrical energy to charge between the powder 
particles and heating of the electrically conductive graphite mold with 
the high pulsed current. Since the pulse current provides homogeneous 
heating, materials with homogeneous properties can be obtained in a 
shorter time [14]. 

Therefore, the aim of this study is to improve the machinability of the 
hBN-SiC composite by using in-situ formed submicron hBN particles 
without losing the superior properties of SiC. For this purpose, the 
composites were produced by using spark plasma sintering (SPS), the 
machinability and mechanical properties were measured and micro
structural characterizations were carried out. 

2. Experimental procedure 

The α-SiC (particle size 2 μm, Alfa Aesar, Germany, 99.8%), boric 
acid (H3BO3) (Merck, Germany) and urea (CO(NH2)2) (Merck, Germany, 
≥ 99.5%) were used as starting raw materials. The molar ratio of 
(H3BO3):(CO(NH2)2) was 1:3 in composite powder. Powder mixtures 
were prepared to form 0, 10, 20, 30 and 40 wt% (theoretically) of hBN 
within the hBN-SiC composite. Starting raw materials that were mixed in 
a planetary ball mill (Fritsch, Pulverisette) by using silicon nitride 
(Si3N4) balls with 11 mm diameter for 90 min within an ethanol media. 
Dried powder mixtures were calcined at 850 ◦C under nitrogen atmo
sphere for 16 h in a tube furnace (Protherm). Samples were coded as S0, 
S10, S20, S30 and S40 depending on the hBN content. These calcined 
powders were mixed with (5 wt%) Al2O3 and Y2O3 sintering additive 
mixture with an Al2O3:Y2O3 weight ratio of 7:3. The powder mixtures 
were ground by a planetary ball mill with Si3N4 balls for 24 h in ethanol 
and then dried. Afterwards, dried powders were homogenized with 
planetary ball mill without a liquid medium. The shaping and sintering 
were done in SPS (HPD-50, FCT GmbH, Germany) at 1850 ◦C under 50 
MPa for 17 min. The heating rate was 100 ◦C/min up to 1850 ◦C. The 
electric 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 pyrom
eter inside the graphite punches. 

X-Ray diffractometer (XRD- Rigaku Rint 2000) was used to deter
mine the crystalline phases of the calcined composite powders and 
sintered materials. XRD patterns were obtained with Cu-Kα radiation (λ 
= 1.5418 Å), in the 2θ range of 20–80◦ with the scan speed of 2◦/min at 
all samples. To determine the presence of BN after calcination on S30 
sample, scan range 20–30◦(2θ) with scan speed of 0.2◦/min was used. 
Quantitative phase analysis was carried out by using JADE software and 
Maud program. The microstructure is characterized by means of scan
ning electron microscopy (SEM, ZEISS SUPRA 50VP) which equipped 
with an energy dispersive x-ray probe (EDX, Oxford Instruments, UK). 
Transmission electron microscopy (TEM, JEOL-JEM 2100F) studies 
were conducted by using field emission TEM equipped with STEM high 
angle annular dark field (HAADF, Fischione-Model 3000) energy 
dispersive spectrometer (EDX, JEOL-JED2300T) and precession electron 
diffraction (PED, Nanomegas) with 0.7◦ of precession angle. 

Density and open porosity were evaluated by Archimedes׳ principle. 
The theoretical density was obtained using the mass fractions and 
densities. The theoretical SiC and hBN densities were taken as 3.21 g/ 
cm3 and 2.27 g/cm3, respectively. Micro-hardness was tested on pol
ished surface by Vickers׳ indentation with a load of 10 Kg (EMCO TEST 
M1C 010). The fracture toughness of the samples was determined from 
the Vickers indentation method and calculated according to equation (1) 
[15]. In this equation; E: elastic modulus, c: half-length of surface crack 
distance, P: load and Hv: Vickers hardness. 

Kıc= 0.018(
E

Hv
)

0.5 P
c1.5 (1) 

The bending strength of the samples was measured with INSTRON 
5581 test machine. Sintered samples were cut according to the three- 
point bending standards (3 mm thickness, 4 mm width and 28 mm 
length). 

Drill tests were carried out by using TOS brand desktop drill and drill 
velocity was calculated with ratio of drill height (H) to time (t). For this 
test, a tungsten carbide (WC) drill bit having 2 mm diameter was used 
and all tests were carried out with a brand new drill bit. The test was 
carried out at 500 rpm in two different loads (19.6 and 49.03 N) and the 
test was repeated three times. 

3. Results and discussion 

3.1. Phase compositions and microstructures 

XRD patterns of the S30 sample after calcination at 850 ◦C are given 
in Fig. 1. This figure clearly shows that during calcination BN formation 
starts. BN is in the turbostratic phase, up to 1300 ◦C [16] and according 

Fig. 1. XRD pattern of S30 sample after calcination at 850 ◦C (above spectrum 
was obtained with 0.2◦/min scan speed whereas below one obtained with 2◦/ 
min scan speed). 
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to this result, the calcination process results in formation of turbostratic 
BN (tBN) due to the reaction between boric acid and urea. The formation 
of BN is also supported by the hBN peaks in the FTIR analysis, which is 
given in Fig. 2. In the FTIR spectrum, two strong characteristic peaks are 
located at 1383 and 787 cm− 1 which could be observed clearly in the 
sample. The peak at 1383 cm− 1 can be attributed to the B–N stretching 
vibrations [17,18]. The peak located at 787 cm− 1 occurs due to the 
B–N–B bending vibrations [17] and the other peak located at 829 cm− 1 

is the result of Si–C stretching vibrations [19,20]. The 2342 and 2360 
cm− 1 peaks are attributed to environmental CO2 gas. Some authors 
relate this band to atmospheric CO2 [21,22]. 

XRD patterns of the sintered samples are given in Fig. 3 and ac
cording to these results, the composite samples are composed of hBN 
(JCPDS PDF No: 034-0421), 4H–SiC (JCPDS PDF No:022-1317) and 
6H–SiC (JCPDS PDF No:075-8314) polymorphs. WC contamination was 
caused by grinding in the tungsten carbide mill during XRD sample 
preparation. SEM secondary electron images of the fractured surfaces of 
the sintered samples are given in Fig. 4. The sintering additives in the S0 
sample are located between SiC particles. The sample S10 has a very 
small amount of hBN and hBN particles that are not as easily seen as in 
other samples. In the hBN formed samples even though the sintering 
additive phase was not observed between phases, SEM-EDX analysis 
(given in Fig. 5) showed that Al and Y peaks were present in the spec
trum, showing that sintering additives were present in the microstruc
ture but possibly due to their small size, detailed microstructural 
characterizations need to be carried out with TEM methods. 

In these samples, (S)TEM analyses reveal that the sintering additive 
phase is mostly found not only as grain boundary phase between hBN 
and SiC but also at the triple junctions of hBN and SiC grains (Figs. 6, 7). 
STEM-EDX spectra of the liquid phase are given in Fig. 8 (d) and it 
consists of Si, Y, Al and O elements. In a study by Gao et al., the reason 
why the glassy phase could not be seen in the samples although the 
glassy phase was initially added in the BN/Si3N4 composite was 
explained with the high mobility of glass phase on the matrix grain 
boundary, that prevented it from being entrapped into the moving 
matrix grains during sintering [23]. Therefore, sintering additive phase 
is not only present at triple junctions but also distributed between grain 
boundaries. TEM image of S20 sample in Fig. 6 shows that hBN particles 
are formed around SiC particles and sintering additive phase surrounds 
the hBN particles. 

In both SEM and TEM images (Figs. 4, 6b and 7b), it can be observed 
that hBN particles are buckled and delaminated which is believed to be 
caused by the thermal stresses during SPS [23]. In the TEM images of the 

hBN particles, it is found that delamination occurs between basal planes 
as shown in inset image of Fig. 6b. Similar delamination bands were also 
present in hBN-SiC composite in literature and these delamination bands 
were identified as kink bands or deformation twins depending on the 
inclination angle of the delaminated strands [24]. In this study, incli
nation angles of delaminated strands are formed by the formation of 
compression/shear stresses during SPS process due to the thermal 
expansion coefficient differences. The thermal expansion coefficient of 
6H–SiC is almost isotropic and reported as 4.2 × 10− 6 K-1 and 4.7 ×
10− 6 K-1 between 0 and 423 ◦C for a and c-axes, respectively. However, 
the thermal expansion coefficient of hBN is highly anisotropic and re
ported as 0 K− 1 for a-axis and 40.5 × 10 − 6 K-1 for c-axis at 770 ◦C [25]. 
This anisotropic thermal expansion behavior of hBN, causes significant 
shrinkage along c-axis, which resulted in tension stress along c-axis. 
However, along a-axis there was no stress due to zero thermal expansion 
coefficient of hBN during cooling, but there could be tension stress due 
to the shrinkage of surrounding 6H–SiC particles during cooling from 
sintering temperature to room temperature. Therefore, net stress be
comes a shear stress along c-axis of hBN crystal which might cause 
delamination. In order to identify the character of the deformation 
bands, an inclination angle of them within hBN particles was measured 
and it was found that angles vary between 136◦ and 163◦; however none 
of them is 139◦ which is a criteria for deformation twins [25]. Thus, 
none of delamination bands were characterized as deformation twin. 
Considering the possibility of kinking of [0001] planes, none of them 
satisfy the inclination angle relationship requirements. In the light of 
these findings, delamination bands are identified as deformation bands, 
which are caused during cooling by strain formation that occurs due to 
the thermal expansion coefficient mismatch. This thermal expansion 
coefficient mismatch between hBN and SiC also causes hBN percolation 
network which can facilitate defect formation at the boundaries [9]. The 
addition of Al2O3–Y2O3 sintering additives resulted in the formation of 
amorphous continuous secondary phase at the hBN-SiC grain bound
aries and triple junctions as shown in Fig. 7. The amorphous phase is 
resulted with a bright contrast in STEM-HAADF images as shown in 
Fig. 7 due to its chemical composition which consists of high atomic 
number elements. The chemical composition of amorphous phase con
sists of Si–O–Al–Y elements and corresponding EDX spectrum is given in 
Fig. 7d. The thermal expansion mismatch between secondary phase and 
SiC might also cause residual stress between phases that might result in 
intergranular fracture [26]. 

In Fig. 8, TEM and STEM-HAADF images of S40 sample which con
tains around 29 wt% of hBN are given. According to these images, in 

Fig. 2. FTIR spectra of S30 sample after calcination at 850 ◦C.  

Z. Yılmaz et al.                                                                                                                                                                                                                                  



Ceramics International 48 (2022) 1047–1056

1050

Fig. 3. XRD patterns of S0, S10, S20, S30 and S40 samples that are sintered at 1850 ◦C.  

Fig. 4. Fracture surface SEM images of samples, (a) S0, (b) S10, (c) S20, (d) S30 and (e) S40 samples that are sintered at 1850 ◦C.  
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some regions hBN particles completely surround the SiC particles, which 
is in contrast with S20 sample, and they form a percolation network that 
affects sintering negatively. In both S20 and S40 samples liquid phases 
consist of Al, Si, Y and O elements, since Si is not intentionally added to 
the system as raw material, it is believed that Si source is the passive 
oxidation layer around SiC particles. 

The STEM-HAADF image of S40 sample is given in Fig. 9 and this 
image shows that carbon regions which surround liquid phase are pre
sent in contrast with S20 sample. It is believed that this residual carbon 
is caused by the excess urea that is used for the in-situ hBN formation. 

3.2. Orientation relations between hBN and SiC phases 

Composite structures which are produced by in-situ synthesizing 
methodology can exhibit orientation relation between in-situ synthe
sized phases with the host structure. Al2O3 in Al [27], WC in Co [28], 
Ti2AlN in TiB2 [29] and hBN in SiC [24,30] can be given as examples for 
orientation relation of in-situ synthesized structures within matrix 
phase. In the hBN-SiC samples produced with hot isostatic pressing 
(HIP) at 2100 ◦C, there was an in-situ synthesis of hBN inside α-SiC 
samples and conventional electron diffraction studies show that there is 
an orientation relation between these phases described with 
[1120]SiC//[1120]hBN and (0001)SiC//(0001)hBN [30]. These orienta
tion relationships represent low energy special grain boundaries which 
can enhance the mechanical properties. For these reasons, in addition to 
the conventional TEM methods, composite samples were also investi
gated for special boundaries with a novel PED technique to search for 
any specific orientation relation present between SiC and hBN phases. 

Orientation relation between hBN and SiC is characterized via (0001) 
and (1120) pole figures in respect to SiC particles and the obtained re
sults are given in Fig. 10; however, in the analyzed particles no specific 
relationship was found to be present. Therefore, it can be concluded that 
in-situ hBN formation resulted in randomly oriented hBN particles 
around SiC particles. 

During the orientation mapping of hBN-SiC composites another 
feature was found within the hBN particles, that is the twist boundary 
formation between (0002)hBN planes. As shown in Fig. 10 (a) twist 
boundaries were found as bands (labelled as 1 and 2) with different 
orientation compared to parent hBN particle and this type of structure 
can be identified as hBN bicrystal. Twist boundaries are defined with 
rotation axis between two grains, which is perpendicular to boundary 
plane, rotation axis and rotation angle θ [31]. Pole figures obtained from 
orientation maps of twist bands were used to identify twist boundary 
and its rotation axis. Based on the pole figures, twist boundary plane was 
found as (0002) plane and rotation axis was [0001] direction. However, 
rotation angle θ was measured with misorientation angle between twist 
band and parent hBN particles. Based on these findings hBN bicrystals 
composed from two hexagonal crystals with (0001) planes parallel to 
each other as well as [0001] directions but they are rotated with θ angle, 
thus (1120) as well as (0110) and (1010) planes were no longer parallel 
to each other as shown in pole figures obtained from hBN particles 
labelled as 1 and 2 in Fig. 10. Rotation angles around [0001] direction 
were found between 9.5◦ and 29◦ for different hBN bicrystals and the 
majority of them were higher than 15◦ which are called as high angle 
twist boundary. 

The coincident site lattice (CSL) theory is used to identify whether 

Fig. 5. EDX analysis of the S40 sample that are sintered at 1850 ◦C.  

Fig. 6. TEM images of the S20 sintered sample showing (a) general overview and (b) in-situ formed hBN particle. Inset shows the magnified image of delamination 
inside hBN. 
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grain boundaries are special, described by 
∑

notation [32], or randomly 
oriented boundaries. According to CSL theory, some of the twist 
boundaries having 22◦, 28◦ and 12◦ of rotation angles are identified as 
∑

7, 
∑

13 and 
∑

19, respectively, for HCP crystals [33–35] and these 
special boundaries have lowest interfacial energy for rotation around 
[0001] direction [36]. Other than these special boundaries there are also 
several random grain boundaries having 24◦, 25◦, 26◦ and 27◦ rotation 
angles. Based on the presence of special and random twist boundaries, 
formation of this type of defects within hBN crystal is related to the 
strains occurred that during cooling due to thermal expansion coeffi
cient mismatch between hBN and SiC, similar to delamination mecha
nism within hBN particles. 

3.3. Quantitative phase analysis 

The amounts of in-situ formed hBN phase and SiC polymorphs in the 
composites were calculated with Rietveld refinement methodology by 
using Maud software. These measurements, which are given in Table 1, 
showed that the amounts of in-situ formed hBN phase are lower than the 
targeted theoretical values. The results showed that not all of the raw 
materials are involved in the hBN formation reaction according to 
theoretical calculations. In the process of synthesizing BN, proper 
amounts of urea help form polyurea to hydrolyze and then release 
ammonia to react with B2O3. The excessive urea accomplishes the so
lidification process during urea and boric acid reactions and B2O3 is 
packed in the molten products. The packed B2O3 cannot come into 

contact with ammonia and the chemical reaction cannot occur suffi
ciently. Therefore, the crystallization of BN products decreases [37]. 

3.4. Physical and mechanical properties of the composites 

The physical and mechanical properties of the composites are given 
in Table 2. According to these results, the bulk density decreased from 
3.207 g/cm3 to 2.797 g/cm3 with the increasing amount of hBN in the 
composite. As the hBN contents increase, the percolation network is 
formed at the grain boundaries [38], this hBN network also prevents 
obtaining full densification of the composite. Additionally, hBN particles 
at SiC grain boundaries reduce the densification due to inhibition of the 
solution-precipitation densification mechanism during sintering [39]. 

In the sample S10, B and N elements from unreacted excess boric acid 
and urea caused the formation of point defects within SiC, which 
increased the diffusivity of Si and C elements. This behavior accelerated 
the sintering resulted in an increased density as well as hardness of S10 
sample. In other samples, the hardness decreased from 23.41 to 6.25 
GPa with an increasing amount of hBN. hBN crystal structure is similar 
to graphite and basal planes of these crystals bonded with weak Van-der 
Waals forces with each other. As a result of this weak bonding, a fracture 
can easily occur along basal planes and decrease the hardness of com
posites as hBN content increases. 

The bending strength of samples decreased with an increasing 
amount of hBN in the composites. The bending strength of monolithic 
SiC decreased with an addition of 29.10 wt% hBN from 697.7 MPa to 

Fig. 7. (a) STEM-HAADF and (b) STEM-BF image of the S20 sintered sample (c) magnified STEM-HAADF image of hBN particle and SiC grain boundary containing 
amorphous liquid phase and (d) EDX results obtained from hBN, SiC and amorphous phase. (please note that EDX spectrums taken from regions labelled with arrows 
in (a)). 
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338.2 MPa. According to the studies in the literature, in-situ hBN for
mation within SiC results in finer and more homogeneous distribution of 
hBN particles compared with conventional production methods and this 

may end up with increased strength [3,12]. Compared to monolithic SiC 
in the hBN-SiC in situ composite study in the literature, it was reported 
that the strength increased by 9% and 4.4% for 5 vol% and 15 vol% hBN 

Fig. 8. (a) TEM image showing general overview of the S40 sintered sample, (b) higher magnification TEM image (inset shows the diffraction pattern of amorphous 
liquid phase), (c, d) STEM-HAADF images and EDX spectrums of hBN and amorphous phase. 

Fig. 9. STEM-HAADF images of the S40 sintered sample showing (a) C-rich region at the surface of SiC and (b) C based secondary phases (insets show the EDX 
spectra of corresponding regions). 
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Fig. 10. (a) Orientation and (b) phase (Red: hBN, Green: SiC) maps of the composite,(c) (0001) and (d) (1120) pole figures for orientations labelled with 1 and 3 and, 
(e) (0001) and (f) (1120) pole figures for orientations labelled with 1 and 2 (color coded). (1120) pole figure shows the misorientation angle between hBN bicrystal as 
∑

7 grain boundary. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Table 1 
Rietveld analysis results of the samples sintered at 1850 ◦C.  

Sample wt% 
6-H SiC 

wt% 
4-H SiC 

Theoretical wt% hBN Calculated wt% hBN Experimental % hBN 

S0 92.56 7.44 – – – 
S10 94.94 4.72 10 0.34 3.40 
S20 87.74 5.14 20 7.12 35.60 
S30 75.28 4.74 30 19.98 66.60 
S40 67.01 3.89 40 29.10 72.75  
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containing samples, respectively. In addition, the hBN content was less 
than 35 vol% while the strength decreased by only about 6%. The for
mation of hBN particles in SiC, resulted in an increase of strength until 
the formation of percolation network and as the hBN network grew, an 
improvement on the strength decreased with the percolation treshold 
[9]. In this study, the strength was not determined to increase and this 
can be explained with formation of hBN percolation network and in
ternal stresses. During cooling, because of the thermal expansion 
mismatch between SiC and hBN particles, thermal strain formation be
tween particles occurred and it resulted in delamination of the hBN 
particles due to thermal stresses according to the TEM images. In 
addition to the hBN percolation network, residual stresses caused by the 
thermal expansion mismatch might resulted in reduced strength of bulk 
material due to easier advance of crack at grain boundaries [9,10]. 

Also during TEM analyses, it was found that micron-sized hBN par
ticles were present in microstructure (Fig. 8) and these micron scale hBN 
particles reduce [7] the bending strength of SiC. In contrast with that, 
nano-sized in-situ synthesized hBN particles improve fracture strength 
as well as fracture toughness of SiC up to 15 vol% hBN content; however, 
higher hBN content resulted in reduction of these properties [6,10]. The 
bending strength of monolithic SiC, which was hot pressed at 1850 ◦C, 
decreased with an addition of 30 vol% hBN from 720 MPa to 275.59 
MPa and 426.4 MPa for micro and nanocomposites, respectively [7]. A 
similar trend was also observed in the samples which were produced 
with plasma active sintering method [4] as well as hot pressing method 
[12]. It can be seen that the results obtained in this study are in accor
dance with the literature. Young’s modulus is decreased with increasing 
hBN content in hBN-SiC composites [6,9,10,12]. Because the hBN has 
low Young’s modulus and reduces the elastic modulus of the composite. 

The fracture toughness measurements were made via the Vickers 
indentation method for SiC monolithic and hBN-SiC composites shown 
in Table 2. Compared to monolithic SiC, fracture toughness values 
decrease in composite samples. In situ synthesis of hBN-SiC composites 
result in a finer microstructure compared to composites produced with 
conventional powder processing routes, because of this reason in-situ 
synthesized composites have lower fracture toughness values [4,12]. 
The fracture toughness of the composites is not only affected by hBN 
particle size but also sintering additives. In the literature, hBN-SiC 
samples produced with plasma active sintering method at 1700 ◦C 
with 10 wt% Al2O3–Y2O3 addition were examined. It was reported that 
when hBN nanoparticles (30 vol%) were chemically synthesized, the 
fracture toughness of the monolithic SiC decreased from 8.34 MPa m1/2 

to 4.61 MPa m1/2. In the same study, composite sample was produced 
with conventional mixing of SiC and hBN (30 vol%) starting powders 
and the fracture toughness value of the micro composite decreased 3.04 
MPa m1/2 [4]. In contrast with these results, hot pressing at 1850 ◦C 
which contains the same amounts of in-situ synthesized hBN and 
Al2O3–Y2O3 additive resulted in increase in the fracture toughness of the 
composite compared to monolithic SiC from 3.13 MPa m1/2 to 3.79 MPa 
m1/2 [12]. In S20 and S30 samples compared to the sample S10, the 
fracture toughness increased slightly with increasing hBN ratio. This 
behavior is caused by the hBN particles between grains; that is, the hBN, 
pores and their interfaces cause formation of pull-out, crack bridging, 
crack deflection and twisted crack path. These mechanisms are 
responsible for the improvement in the fracture toughness of the 

composites. However, if the micron-size hBN ratio increases too much, 
hBN flakes surround the SiC grains and reduce densification and that 
causes a decrease in fracture toughness. Due to the delamination along 
basal planes of hBN particles (TEM images shown in Fig. 6b) and weak 
intergranular bonds, the high possibility of cracking along the hBN layer 
planes reduces toughness. 

Machinability of the samples was measured with drill test with an 
application of two different loads; 19.61 N and 49.03 N (Table 2). Ac
cording to the test results drilling rate increases as hBN content increases 
at all loads. With an increase in applied load, drilling rate increases 4.33 
times for S40 sample. The highest machining rate, which is 34.24 mm/ 
min, is obtained in S40 sample that contains 29.10 wt% of hBN. This 
result, clearly shows that hBN particles work as a solid lubricant during 
the machining of the composites. 

For machining of a sample, applied compressive stresses need to 
overcome shear stresses. When applied, compressive stresses become 
greater than minimum fracture stress, fracture and microcracks, related 
with hBN and pores will be formed if drilling load is lower than the 
critical value, machining of the material cannot be performed because of 
the fact that bonding strength at grain boundary is greater than drilling 
load. Whenever the drilling load becomes greater than grain boundary 
strength, composite deforms via particles delamination. If drilling load 
continues to increase microcracks can be linked to form a net-like 
microcracks zone and improve the drilling rate [40]. The weaker the 
intergranular bonds, the greater the degree of crack deflection becomes 
and the intergranular cracking mode relates to the possibility of cracking 
along the hBN layer planes [41]. The delamination along basal planes of 
hBN particles, TEM images given in Fig. 6b, might have a significant role 
during machining. During machining, cracks can easily be formed along 
basal planes due to weak van der Waals forces between planes, therefore 
machinability will increase. Additionally, presence of thermal stresses 
formed due to thermal expansion mismatch between particles might 
weaken the bonding strength, thus transgranular fracture mode is pro
moted which may also have a positive effect on the machinability. 
Another aspect in the machinability of hBN-SiC composites is the 
semi-plastic behavior of forces between SiC grains and surrounding, 
dispersed hBN particles [5]. Last but not least, due to layered structure, 
it is easy to deform hBN particles. In addition to that, as the hBN particle 
gets smaller, the surface area of the weak phase increases, therefore, 
machinability can be eased [7,42]. 

4. Conclusions 

In this study, hBN-SiC composites were successfully produced with 
an in-situ hBN formation approach by using reaction SPS method, and 
characterizations of physical, mechanical and machinability properties 
were carried out by using various methods. According to the SEM and 
TEM images, hBN particles are distributed homogeneously within 
microstructure due to in-situ formation approach. Rietveld analyses 
revealed that the content of the hBN in the sintered bodies did not match 
with expected theoretical values. As the amounts of boric acid and urea 
increased before sintering, carbon containing regions were found within 
the sintered composites. The relative density and hardness values of the 
composites decreased with increasing hBN content. Additionally, higher 
hBN content resulted in continuous percolation network between SiC 

Table 2 
Physical and mechanical properties of the hBN-SiC composites.  

Sample Bulk Density 
(g/cm3) 

Relative 
Density (%) 

Modulus of 
Elasticity (E) 
(GPa) 

Hardness 
(GPa) 

Bending 
Strength (MPa) 

Fracture Toughness 
(MPa.m1/2) 

19.61 N Drilling 
Rates (mm/min) 

49.03 N Drilling 
Rates (mm/min) 

S0 3.207 99.91 241.8 17.94 697.7 ± 98.0 5.17 ± 0.4 0.04 0.09 
S10 3.186 99.35 179.9 23.41 530.5 ± 99.6 3.94 ± 0.3 0.07 0.12 
S20 3.091 98.35 200.8 18.69 453.4 ± 72.9 4.25 ± 0.3 0.05 0.16 
S30 2.914 96.43 154.0 9.85 426.2 ± 29.0 4.20 ± 0.5 0.31 0.52 
S40 2.797 95.27 118.7 6.25 338.2 ± 13.8 3.98 ± 0.8 7.91 34.24  
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particles which made densification more difficult. Decreased relative 
density also resulted in reduced fracture toughness. The hardness and 
Young’s modulus of the composites also decreased with increased hBN 
content. This was due to the delamination of weakly bonded hBN basal 
planes, however this behavior resulted with increased machinability of 
the composites. An increase of the drilling load from 19.61 N to 49.03 N 
resulted in 4.33 times increase of drilling rate in the sample that had the 
highest hBN ratio. 

During microstructural characterizations in TEM, possible orienta
tion relations between in-situ formed hBN and SiC were also investi
gated; however, no specific orientation relation was found in this 
composite system, possibly due to the presence of liquid phase between 
these phases. During these studies, specific orientation relations were 
found within hBN crystals. Some of the hBN particles contained [0001] 
twist boundaries that were formed during sintering. Additionally, 
delamination of the hBN basal planes occurred due to the different 
thermal expansion coefficients of the constituents which improved the 
machinability of the samples. 
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