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properties of bulk hBN are strong, it is a potentially promising application area for the insulating heat spreaders
and heat sinks. In this study, hBN was synthesized in situ with the spark plasma sintering (SPS) technique and the
effects of sintering temperature on the orientation of hBN grains were investigated. The precursor was prepared
by chemically reacting urea and boric acid in heat treatment at 850 °C. The hBN was produced using the previous
precursor in a SPS at 1500, 1700, and 1900 °C. The samples were characterized using XRD, FTIR, SEM and
Raman spectroscopy. The properties of the samples were further determined through measurements of density,
DSC and thermal diffusivity. The hBN samples obtained through the SPS process have nano and micron-size
grains. The hBN was highly crystalline and homogeneous, as determined by the XRD pattern, Raman spectra
and Raman maps. The orientation of hBN grains has been revealed in the c-axis of hBN crystallites and was
preferably arranged within a plane parallel to the SPS pressing direction. The hBN orientation preference index
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(IOP) value of —19925.5 at 1700 °C indicates the highest quality texture orientation. Increasing the temperature
to 1900 °C decreased the orientation in the direction parallel to the pressing direction. The highest thermal
conductivity calculated according to the thermal diffusivity perpendicular to the sintering pressure direction was

8.86 Wm 'K ! at 1900 °C.

1. Introduction

Hexagonal boron nitride (hBN) is an inorganic material used in many
industries because of its low elastic modulus, high thermal conductivity,
high thermal shock resistance, electrical resistivity, low dielectric con-
stant, chemical stability and excellent lubricity [1-4]. hBN is referred to
as “white graphite” because its layered structure is very similar to
graphite. Strong covalent bonding combined B and N atoms in the layer,
while it has weak van der Waals interactions between the layers [3,5,6].

The first turbostratic boron nitride was synthesized by O’Connor by
the reaction of boric acid (H3BOs3) and urea (CO(NH)3) [7-9]. Amor-
phous boron nitride (a-BN) is formed as a result of the reaction between
boric acid and urea within a temperature range of 500-600 °C [9-11].
According to the literature, ammonium poly borates (NH4),B40O; are
formed with the heat treatment of urea and boric acid at a range
250-300 °C, and ammonia is formed because of the reaction of a part of
the urea with water. When the temperature rises to 500-600 °C, the
ammonium poly borates react with ammonia to form a-BN according to
the following equations [10];

4H3BO3 + CO(NH;), — (NHy4)2B4O7 4+ CO; + 4H,0 (1)
CO(NH»); + H,O - 2NH;3 + CO, (2)
(NH4)2B407 + NH3 — 4 a-BN + 7H,0 (3)

Turbostratic structure BN, an imperfect structure without three-
dimensional order, is formed in the range of 900-1000 °C [12-15].
The content of the oxygen impurities was as high as 10% when calcu-
lated as boric oxide in this form [11]. The turbostratic structure crys-
tallizes turns into a hexagonal form at temperatures above
1450-1500 °C [11,12,15].

The sinterability of hBN is very poor because of related to its struc-
ture. Therefore, pressure sintering techniques such as hot pressing (HP)
and hot isostatic pressing (HIP) are often used with various sintering
additions. These studies reported that the hBN grains are oriented
perpendicular to the pressure axis during hot pressing, leading to
anisotropic properties [3,5,16-21]. In prior studies, hBN was sintered
using hot pressing and the effects of sintering pressures, temperature
and various sintering additives on texture degrees, physical, mechanical
and thermal conductivity properties were investigated. hBN sintering
was carried out at different pressures and temperatures without sinter-
ing [17] and using Mullite [5,16], MAS (MgO powder, Al,O3 powder
and fused silica powder) [18,19], metallic copper [3,20], Y203, Yb,0s3,
Ca0, MgO (in different compositions) [21] and YAG (reaction between
Y203 and Al»03) [22,23] sintering additives. Textured hBN with pref-
erentially oriented grain has anisotropic mechanical and thermal prop-
erties. This anisotropic thermal conductivity, together with its insulating
property, makes hBN promising thermal management devices in elec-
tronics [23]. Therefore, developing these properties of hBN requires a
thorough comprehension of its texture degrees properties.

SPS is a technique that sinters at low temperatures and for short
periods of time by charging the gaps between powder particles with
electrical energy. It effectively applies the high-temperature spark
plasma formed in the first stage of energizing with an electromagnetic
field and joule heating by the low-voltage continuous electric pulsed
current. Compared to conventional sintering techniques such as pres-
sureless sintering (PLS), HP and HIP, sintering can be performed at
temperatures 200-300 °C lower and in short times such as 0-10 min
[24-26]. SPS provides high heat efficiency by directly heating the
powder material and graphite mold with a high pulsed current and

homogeneous materials are produced because heating is uniform [24].
Therefore, SPS has been the focus of various studies because of its ability
to produce products with superior properties compared to conventional
methods.

There is increasing interest in the sintering of hBN using SPS
[27-32]. In these studies in which sintering behavior, physical and
mechanical properties were investigated, and already synthesized hBN
was used. There is a study in which bulk BN with quasi-isotropic crystal
structure and thermal conductivity was produced from boron nitride
nanosheets (BNNSs) using the SPS technique and its texture properties
were examined [27]. A study of hBN powder synthesis using SPS has also
been reported in the literature, but sintering was not performed [33].

In this study, a precursor boron nitride powder was prepared using
urea and boric acid, followed in-situ hBN production and sintering were
performed together using SPS. The effects of sintering temperatures on
texture degrees were investigated. Characterization of the samples was
performed through XRD, FTIR, SEM, and Raman spectroscopy. The
properties of the samples were determined with DSC, density and
thermal diffusivity measurement.

2. Experimental procedure

The H3BO3 (Merck, Germany) and CO(NH3), (Merck, Germany, >
99.5%) were used as starting raw materials. The molar ratio of (H3BOs3):
(CO(NH3)2) was 1:3 in powder. Starting raw materials were mixed on
the heater/stirrer at a temperature of 80 °C with a 300 rpm cycle. The
mixing was continued until the total evaporation of ethanol. Dried
powder mixtures were transferred to an alumina combustion crucible
and heated at two temperatures under a nitrogen atmosphere in a tube
furnace (Protherm). It was first heated to 500 °C for 2 h and then heated
to 850 °C for 12 h. Grinding of the obtained precursor powder was
performed using an agate mortar. The powder was inserted directly into
a graphite die with a diameter of 20 mm. The shaping and sintering were
done in SPS (HPD-50, FCT GmbH, Germany) under 30 MPa pressure for
15 min at vacuum conditions for 1500 °C, 1700 °C and 1900 °C
respectively. The electric current was pulsed periodically with 12 pul-
ses/ms (2 of 12 pulses off as a recovery time). The production schematic
diagram of the experimental procedure is given in Fig. 1. These samples
were coded as hBN-1500, hBN-1700 and hBN-1900, with temperature.

The crystalline phases of the materials were determined using by X-
Ray diffractometer (XRD- Rigaku Rint 2000). XRD patterns were ob-
tained with Cu-Ka radiation (A = 1.5418 ;\), in the 20 range of 10-70°
with the scan speed of 2°/min at all samples. The XRD pattern after
850 °C heat treatment was obtained in the 26 range of 10-50° with a
scan speed of 1°/min. Infrared (IR) spectra of powder after heat treat-
ment were recorded with a Fourier transform infrared spectrometer
(Bruker Tensor 27) in the range of 700-4000 cm~ L. The chemical
decomposition of powder after heat treatment was investigated by
thermogravimetric analysis (Netzsch STA 449F3) up to 1400 °C under
the nitrogen atmosphere. The sample’s microstructure was character-
ized using scanning electron microscopy (SEM, ZEISS SUPRA 50 V P)
and equipped with an energy-dispersive x-ray probe (EDS, Oxford In-
struments, UK). The samples’ Raman spectroscopic measurements and
Raman mapping were performed on a Raman microscope (Konfokal
WITec alpha300 R). Laser excitation of all samples is 532 nm for all
Raman data with a laser power of 1.5 mW and the image mapping used
20 x 20 pm square areas with a laser power of 5 mW (1500 °C and
1900 °C) and 7 mW (1700 °C). The true density was measured with a
Quantachrome Ultrafoam 1200e pycnometer using a 10 cm® sample
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cup. The thermal diffusivity of samples was measured by using the Laser
Flash spectrometer (NETZSCH LFA 457) at 25-400 °C range. Samples for
diffusivity measurement were prepared in the size of 10 x 10 x 2 mm?®.
Atomic force microscopy (AFM) images of the topography of the native
material were obtained with the Gwyddion program from SEM images.

3. Results and discussion
3.1. Characterizations of precursor and sintered samples

The XRD patterns of the sample after heat treatment at 850 °C are
shown in Fig. 2a. The figure showed that the heat treatment at 850 °C
stared to form the turbostratic BN [34]. This structure has two diffrac-
tion peaks to the (002) and (100) reflection of hBN in the XRD pattern
near 26° and near 43°, respectively, but still not possessing layers large
enough to form perfectly crystalline material of hexagonal boron nitride
[12]. The broadening of the peaks indicates the product has poor crys-
tallization [35]. BN formation in the FTIR analysis shown in Fig. 2b is
also supported by the hBN peaks. The FTIR spectrum has two charac-
teristic peaks of hBN at 1368 and 796 cm™! in the sample. The peak at
1368 cm™! can be attributed to the B-N stretching vibrations of the
sp2-bonded hBN and the peak at 796 cm ™! is due to B-N-B bending
vibrations [4,10]. According to the thermal analysis results after heat
treatment at 850 °C, the reactions continue and mass change occurs in
Fig. 2c. Mass losses appear at about ~13 % in the sample at up to 200 °C.
The mass losses are caused by the removal of the OH- and H+ ions from
the system with temperature. This is caused by the unreacted precursor
because the urea and boric acid reactions are not completely fulfilled
and the mass losses evaporation of the ByO3 at high temperatures. The
reason for the mass increase in the range of 800-1000 °C is may be due
to the nitrogen reacting during thermal analysis, which is responsible for
contributing to the formation of BN and the growth of the plates [10,36].

SEM images of the material heat treated at 850 °C are shown in
Fig. 3a. The formation of hBN plates is shown in this image. In the EDS
analysis, there are boron, nitrogen and oxygen in this sample (Fig. 3b).
The oxygen in EDS may result from the presence of residual boron oxides
[9,15,36], as supported by the TG result. Hagio et al. [15] showed that
the oxygen content from about half of which was as ByO3 from the raw
materials decreased to only about half at 1000 °C. According to this
study, the residual oxygen level decreased with increasing temperature,
and when subjected to heat treatment above 1700 °C, the residual ox-
ygen content was less than 1% by weight.

After SPS under pressure 30 MPa for 15 min at 1500 °C, 1700 °C and
1900 °C respectively, the XRD analysis performed on powdered samples
(Fig. 4a) showed evidence that the crystalline structure agrees with the
pattern for hBN (JCPDS PDF No: 034-0421). The temperature has sig-
nificant importance on the grain size of the crystallite. The change in L.
crystallite size with increasing temperature was determined by calcu-
lating the width of the diffraction peak (002) of the XRD patterns in
Fig. 4a According to Debye-Scherrer (Eq. (1)) [37,38]. The change in La
crystallite size was calculated using the width of the diffraction peak
(100) of the XRD patterns from the samples shown in Fig. 4a. The
equation;

1mol H:BOz 3 mol CO(NH2)-

Heat treatment in
N atm at 850°C

Ethanol —»
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K2
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where D is the crystallite size, K is the shape factor (which is 0.941), A
is the wavelength of the X-rays (using Cu K(a) radiation source, 1.54060
A), B is full width at half maximum (FWHM) of the peak and 0 is the
Bragg angle. The Debye-Scherrer L. crystallite size of hBN was calcu-
lated to be 13.96 nm, 21.48 nm and 23.82 nm for hBN-1500, hBN-1700
and hBN-1900 samples, respectively. L, crystallite size was calculated as
17.96 nm, 23.40 nm and 25.74 nm for the same samples. Clearly, that
the size increased with the temperature [39].

The Raman spectrum was used to determine the bonding states of
hBN (Fig. 4b), and the typical Raman spectrum showed a strong peak at
~1367 cm’l, originating from the Eyg vibrational mode of hBN [40-44].
Fig. 4b shows that the Raman vibration peak is 1367.5 cm™, 1367.1
em™! and 1367.1 em™! for hBN-1500, hBN-1700 and hBN-1900 sam-
ples, respectively. In addition, the corresponding FWHM values were
18.02 cm™!, 15.43 ecm ™! and 13.70 em ™}, they became narrower with
the increasing sintering temperature. The reason for the narrower Epg
peak can be attributed to the increase in the size of ordered BN layers
[44]. The L, crystallite size is calculated from the Raman spectrum
FWHM using the following Nemanich model formula (Eq. 2) [45-47];

L, = 1417/(Tpp — 8.7) @

Where L, is the crystallite size and I';2 is FWHM of Epg vibrational
Raman peak of hBN. The crystallite size of hBN was calculated as 15.2
nm, 21.1 nm and 28.3 nm for hBN-1500, hBN-1700 and hBN-1900
samples, respectively. The results indicate the crystallite size and crys-
tallinity of hBN improve significantly with increasing temperature,
which is consistent with the XRD results [48]. Raman map of strong hBN
peaks at ~1367 cm ™! is shown in Fig. 4c—e. The Raman mapping is used
to identify a variety of information such as crystallinity, homogeneity,
defect sites, and binding at the molecular level. Raman spectroscopy
mapping analysis is generally used for the characterization of
low-dimensional nanostructured materials, coatings, and thin films
[49]. In this study, Raman mapping was used for bulk-produced hBN.
The 20 x 20 pm area was mapped and analyzed to explain the overall
quality of hBN. The intensity ratio maps of hBN show that for hBN-1500,
hBN-1700 and hBN-1900, these values are in the range from 1024
(black) to 2805 (yellow), 1333 (black) to 2569 (yellow) and 916 (black)
to 2520 (yellow), respectively. According to the Raman maps, hBN
shows a uniform distribution [49]. The dark regions in the Raman map
may be attributed to the possibility of multilayer hBN and an increased
concentration of defects and multilayer structure [50,51]. A monolayer
of hBN gives a very weak Raman Ey; band, while the intensity of the
Raman peak increases proportionally with the increasing number of
layers [52]. The high Raman peak intensity (Fig. 4b) supports multilayer
hBN. The occurrence of black and yellow regions on the Raman maps
results from many layering of hBN, which is produced with a thickness
of 2 mm since Raman maps are obtained from these surfaces.

SPs for 1500°C,

BN powder 1700°C and 1900°C

Sample

Fig. 1. The schematic diagram of production in the experimental procedure.
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Fig. 2. After heat treatment of BN at 850 °C, a) XRD pattern, b) FTIR spectrum and c¢) TG-DSC curves at the N, atmosphere.
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Fig. 3. After heat treatment of BN at 850 °C a) SEM image b) EDS result.

3.2. Characterization of texture

A detailed understanding of texture degrees’ properties of hBN is
important for developing anisotropic properties. To determine the ef-
fects of the sintering temperature on the samples’ orientation, orienta-
tion preference index (IOP) values were calculated from X-ray
diffraction patterns. Samples were examined in two directions using the
XRD pattern as displayed in Fig. 5. XRD patterns are shown on the top
surface (TS) perpendicular to the sintering pressure direction and the
side surface (SS) parallel to the sintering pressure direction of the
samples sintered with SPS using different temperatures. All samples
showed the diffraction peak of the hexagonal structure in the XRD
patterns (Fig. 5a—c). In all the samples, the diffraction intensities of the
(002) plane were higher than the diffraction intensities of the (100)
plane on the TS surfaces, but were lower on the SS surfaces. Because of
sintering with SPS, it was observed that the grain tendency oriented of
hBN formation parallel to the pressure direction was along the c-axis. To
determine the effects of the sintering temperature on the orientation of

the samples, identified using X-ray diffraction, orientation preference
index (IOP) values were calculated according to the following formula
(Eq. 3) [3,18,22,23];

T100/To02) TS o
%7 (Iioo/T002)TS > (I109/I02)SS
100/ Loo2
0P = ) / @
o0/ To02) SS o
_%7 (Ioo/T002) TS < (I100/I02) SS

where Ipy and by are the diffraction intensities of the peaks for to the
top and side surfaces, respectively. If IOP = +1, the (100) and (002)
planes have the same diffraction intensity and that it consists of
randomly oriented hBN grains. If IOP >1, the c-axis of hBN grains ori-
ents perpendicular to the sintering pressure direction. If IOP <—1, this
indicates that hBN grains orient parallel to the sintering pressure
direction.

Fig. 5 d gives IOP and the densities of the samples sintered at
different temperatures. The IOP values for the hBN-1500, hBN-1700,
and hBN-1900 samples resulted in negative values of —13184.2,
—19925.5, and —2993.6, respectively. In this study, the IOP values
showed negative values with a high absolute value, indicating a better
texture degree, which is parallel to the pressure direction of the hBN
grains [5,17,22,23]. Compared to textured ceramics prepared under
conventional pressure conditions [16,18,23,53,54], this study shows
that highly oriented hBN textured ceramics can be synthesized in situ
with SPS. The literature reports that hBN has a microstructure in which
the grains sintered with SPS are oriented parallel to the pressing direc-
tion, while the microstructures of the grains sintered by hot press pro-
cesses are randomly aligned [29]. The hBN-1700 sample has the highest
orientation, with an IOP value of —19925.5. This value is higher than for
hBN synthesized product using hot press without the addition of sin-
tering [17] and with the addition of Mullite [5,16], MAS (MgO powder,
Al;03 powder and fused silica powder) [18,19], YAG (reaction between
Y203 and Aly03) [22,23], metallic copper [3,20] sintering. This result
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Fig. 5. XRD patterns of the top surface and side surface of samples sintered at different temperatures a) the hBN-1500, b) the hBN-1700 and c) the hBN-1900 d) the

relationship of IOP values and density with sintered temperatures.

shows that in situ hBN synthesized with SPS has a higher texture degree
orientation in the direction parallel to the pressing direction. When the
temperature was increased to 1900 °C, the c-axis parallel orientation
decreased with the increase in density, and as a result, IOP decreased to

—2993.6. In samples sintered at higher temperatures, the (002) planes
were not oriented to each other and became increasingly disordered. For
the hBN sintered at higher temperatures, there is a random structure in
both directions, which is compatible with the literature [17,18,27]. The
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results indicate that high sintering temperature will decrease orientation
in the direction parallel to the pressing direction. According to the re-
sults of true density measurements with a pycnometer, the density
values increased with high temperature (Fig. 5d). The relative density
was calculated as 75.53, 91.31 and 92.55 % at 1500 °C, 1700 °C and
1900 °C, respectively (which is the theoretical density of hBN 2.27
gem ™). At high temperatures with densification, grain growth increases
significantly as a result of the increase in the diffusion rate of atoms.
Depending on the grain growth in the sample sintered at 1900 °C, the
orientation of the hBN grains decreased due to distortion caused by the
collision of the edges of the grains [18].

Additionally, to evaluate preferential hBN grain orientation, the
Lotgering factor was employed to calculate the orientation factor (F),
which gauges the degree of preferential orientation of hBN grains
aligned with the SPS pressing direction. The F value was extracted by
analysis of the XRD patterns, presented in Fig. 5 a-c, the intensity of the
diffraction peak was calculated according to the following formula (Eq.
4) [55-58];

PP
F= 1-P, Q)
py— S 16(000) ip_ S I(001)

TS nkl) T T S 1(nka)

where Iy and I represent the XRD peak intensities of surfaces parallel
(SS) and perpendicular (TS) to the sintering pressure direction of the
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samples, respectively. The value of the F factor: F = 1 corresponds to a
completely oriented sample, while F = 0 is attributed to the character-
istic of a completely random grain orientation (non-oriented) sample.
The F value was estimated at different temperatures. The F values of
hBN-1500, hBN-1700 and hBN-1900 samples resulted in a value close to
1 as 0.996, 0.997 and 0.993, respectively. The orientation factor was
determined as a characteristic of highly textured material for all sam-
ples. According to the results, the orientation of hBN parallel to the
pressing direction increased with the SPS.

Fig. 6 shows SEM images of the fractured surfaces of the sintered
samples. Fig. 6 (a, d, g) exhibits SEM micrographs of the fractured sur-
face perpendicular to the sintering pressure direction. The hBN grains
were aligned in the same direction. The hBN plate particles were ori-
ented parallel to the SPS pressing direction and enhanced the grain
growth of hBN with increasing temperature. Fig. 6 (b, e, h) shows SEM
micrographs of the fractured surface parallel to the sintering pressure
direction. Especially, Fig. 6b and e showed that the fracture surfaces
were perpendicular to the c-axis orientation of hBN grains, which
showed the hBN plate to have texture structures. The analysis of SEM
micrographs and IOP values reveals a discernible level of parallel
orientation of (002) planes in both the top surface and side surface of
these samples. Conversely, in the hBN-1900 sample sintered at 1900 °C
compared to other samples, the hBN grains were slightly oriented,
although there was a randomly aligned (Fig. 6h). Furthermore, the hBN
grain size was increased, showing that high-temperature enhanced the
grain growth. This is consistent with the size of the crystallites, as

Fig. 6. (A-i) SEM images of the fractured surfaces of samples sintered at different temperatures (a, d, g) perpendicular, (b, e, h) parallel to the SPS sintering pressure

direction and (c, f, i) high magnification image.
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calculated using the Debye-Scherrer method. This large increase in grain
size at high temperatures corresponds to a change in orientation factor,
which may be responsible for the formation of the semi-isotropic
structure [27]. The findings indicate that the orientation of the hBN
grains will decrease with increasing temperature [18]. The results are
under the corresponding lower IOP values at 1900 °C. Mateti et al. [27]
stated that the anisotropic structure of hBN crystals is usually formed in
hot pressing and SPS processes under high compression pressure in the
intermediate temperature range (<1800 °C). They reported that during
sintering at a high temperature of 1800-2300 °C, as a result of the in-
crease of high current pulses, the electric field between the electrodes
parallel to the coaxial direction and lifts the charged nanosheets, while
the compression force presses the nanosheets down. For this reason, they
stated that the electric force is balanced with the compression force so
that larger (002) plates are formed in all directions. This approach ex-
plains the reduction in orientation of hBN grains at 1900 °C. When Fig. 6
(c, f, i) with high magnification is examined, samples have nano-size
hBN grains at 1500 and 1700 °C, while it has nano-size and
micron-size hBN grains at 1900 °C.

Fig. 7 shows AFM images of the topography of the native material
obtained with the Gwyddion program from Fig. 6 a,d,g SEM images.
These images provide information about the surface roughness
perpendicular to the pressing direction. The surfaces of the samples were
untreated and the surface roughness values were similar across all
samples. The observation revealed that hBN orientation aligned parallel
to the pressing direction in every sample.

3.3. Thermal conductivity

In the literature, the thermal conductivity of hBN at room tempera-
ture along the c-axis and a-axis was calculated as 4.1 and 537 Wm 'K !,
respectively [6]. Therefore, it is important to determine the thermal
conductivity of the textured hBN. The thermal diffusivity of the samples
was determined using a Laser Flash spectrometer at 25-400 °C range in
top surface. The thickness of the samples is about 2 mm and the side
surface is too small to be measured, so measurement could not be made
with laser flash spectrometry. The thermal conductivity (k) was calcu-
lated from the following formula (Eq. 5);

. 024 ym
0.00 ym
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k= (PPCp 5)

Where ¢ is thermal diffusivity, and p is the density of the sample,
respectively. Cp is the specific heat capacity obtained depending on the
temperature with the Shomate Equation [59]. The following formula
(Eq. 6);

Cp° = A + Bxt + Cxt® + Dxt® + E/f? ©6)

Where C,° is the specific heat capacity, t is the temperature (K)/1000
and A-E are the coefficients for hBN used in the range 298-1100 °K.
Fig. 8 shows the thermal diffusivity and the calculated thermal
conductivity values. Fig. 8b shows the increase in conductivity for
samples sintered at increasing temperatures. The highest thermal con-
ductivity values are 2.21 Wm 'K}, 3.3 Wm 'K ! and 8.86 Wm 'K ! at
1500 °C, 1700 °C and 1900 °C, respectively. In addition, the conduc-
tivity increases up to 300 °C as the measurement temperature increases
and then decreases. Heat is transferred by the movement of phonons in
compounds like hBN. When photons are blocked by interphases or
structural faults, it reduces the phonon mean free path as it causes
phonon scattering, and thermal conductivity decreases [60]. At higher
temperatures, a decreasing trend in the thermal conductivity with
temperature which is expected because of the increase in
phonon-phonon scattering. It has been reported that phonon lifetime
decreases as the temperature increases [61]. Because of this factor, as
seen in Fig. 8, there was a decrease in thermal conductivity observed
during high-temperature measurements. Due to the smaller grain size in
the hBN-1500 and hBN-1700 samples, more grain boundaries are
formed, resulting in higher defect concentrations. This reduces free
paths of the phonon because of strong phonon scattering at the in-
terfaces and therefore reduces the thermal conductivity [61]. Moreover,
the relative density for the hBN-1500 sample was calculated as 75.53%,
while the relative density was over 90% for the other samples. The
observed low density indicates an increase in porosity within the
structure. Additionally, the thermal conductivity of air (0.026
Wm™'K™!) is significantly lower than hBN, thus contributing to the
decrease in thermal conductivity [18]. Effective phonon scattering by
pores is another factor that reduces thermal conductivity [62]. The
reason there is no decrease in thermal conductivity measurement with

b)

<)

Fig. 7. AFM images of the topography perpendicular to the SPS sintering pressure direction at different temperatures a) the hBN-1500, b) the hBN-1700 and c) the

hBN-1900 samples.
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Fig. 8. Effect of sintered temperature on (a) thermal diffusivity and (b) thermal conductivity parallel (to surface) to the SPS sintering pressure direction.

increasing temperature in this sample can be attributed to the fact that
phonon scattering is already significantly high at all temperatures,
because of the porous structure and small grain size.

After sintering, the hBN (002) basal plane is aligned in the parallel to
pressing directions. It has a high thermal conductivity in the perpen-
dicular direction but in the parallel direction is low due to the cross-
plane conductivity reasoned by weak van der Waals interactions be-
tween the (002) base planes. Mateti et al. [27] measured the thermal
conductivity as approximately 14.3 Wm 'K ! in the sample produced
by SPS at 2200 °C from hBN powders with a diameter of several mi-
crometers in this direction. Furthermore, the better crystal structures
and larger BN crystallite sizes have higher thermal conductivity. It is
reported that an SPS temperature of 2000 °C or higher causes drastically
altered the microstructures, leading to a quasi-isotropic thermal con-
ductivity. The (002) planes are not oriented towards each other under
compression pressure in samples sintered at high temperatures and more
irregular pellets are formed. In this study, the highest thermal conduc-
tivity was measured as approximately 8.86 Wm 'K ! in the sample
sintered at 1900 °C. The thermal conductivity of the sample sintered at
1900 °C is higher than the samples sintered at 1500 °C and 1700 °C
because of the larger hBN crystallite size (23.82 nm) and less orientation
(IOP value —2993.6). A low IOP value indicates an increased random
orientation in both directions. The IOP values for the hBN-1500 and
hBN-1700 samples (—13184.2 and —19925.5, respectively) show that
have a typical anisotropic structure, contributing to the low cross-plane
conductivity measured. As a result of this anisotropic structure, the
highest thermal conductivity values for the hBN-1500 and hBN-1700
samples perpendicular to the pressing direction are 2.21 Wm 'K !
and 3.3 Wm 'K, respectively. These results are much lower than
studies in the literature [18,27]. Therefore, these two samples
(hBN-1500 and hBN-1700) with high IOP values, examining the thermal
properties in the side surface direction, may be interesting for later
studies.

Niu et al. [18] showed IOP value of —16.7 at 0.5 pm hBN particle size
in hot-press sintered hBN-MAS composite ceramic at 1800 °C. They
reported that, with increased raw hBN particle sizes from 5.0 pm to 11.0
pm, IOP values increased from —717.4 to —5413.6. This shows that the
texture degree increases significantly with increasing raw hBN particle
size. As a result, the thermal conductivity of the top surface decreased
while the side surface increased [19]. In this study, in which hBN syn-
thesis was performed in situ with SPS, the thermal conductivity on the
top surface increased with increasing hBN particle size. Especially for
hBN synthesized in situ with SPS at low temperatures, low thermal
conductivity in the top surface direction indicates excellent thermal
protection in this direction. The hBN is quite stable in an oxygen at-
mosphere up to a heating temperature of 860 °C and retains its atomic
structure. At higher temperatures, it undergoes oxidation with the for-
mation of BoO3 [62,63]. Additionally, highly oriented hBN nanosheets

have been shown in studies to have better thermal stability compared to
randomly oriented sheets [64]. A study showed that when hBN was
treated with molecular oxygen at low temperatures, the O, molecule did
not dissociate and accumulated state to perfect lattice by binding to the
surface of hBN as peroxide or superoxide at low concentrations, proving
its high chemical stability [62]. The hBN plates will act as barriers to
heat conduction along the pressure direction when the texture features
are strong. In addition to this feature, its thermal stability enables the
creation of products that align with the requirements and specifications
of various industries.

4. Conclusion

The precursor formation of tBN started at 850 °C and hBN was ob-
tained at all sintering temperatures with SPS. The XRD patterns and
Raman results show that high temperature could significantly improve
the crystalline of hBN. The synthesis resulted in a homogeneous struc-
ture and multi-layered hBN. Negative IOP values with a high absolute
value compared to textured ceramics prepared under conventional
pressure conditions, this study shows that highly oriented hBN textured
ceramics can be synthesized in situ by SPS. The highest orientation was
obtained with an IOP value of —19925.5 at 1700 °C. hBN plate particles
were oriented parallel to the SPS pressing direction and enhanced the
grain growth of hBN with increasing temperature. The highest thermal
conductivity was measured 8.86 Wm™'K™! in the sample sintered at
1900 °C. The low thermal conductivity obtained in the top surface di-
rection at low temperatures (1500 °C and 1700 °C), indicates excellent
thermal protection in this direction for hBN synthesized in situ with SPS.
When hBN plates have strong texture features, they function as an
effective thermal barrier and enable the development of diverse indus-
trial applications.
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