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ABSTRACT

In this study, two h-BN-based composites reinforced with carbon fibers (CF) and carbon

fibers/carbon nanotubes (CNTs)/graphene nanoplates (GNPs) have been produced successfully

through a high-temperature spark plasma sintering. 1 wt% short carbon fibers (length of 5 mm)

with 0.1 wt% of CNTs and also 0.1 wt% of GNPs as hybrid composite were mixed through a
simple mixing method including a high energy sonicating and stirring on the hot plate in

ethanol media until drying. Moreover, the h-BN/1 wt% CF composite was mixed with a similar
method to compare the impacts of CNTs and GNPs addition on the mechanical properties and
microstructure of the h-BN/CF composite. The high-temperature spark plasma sintering
processes were performed at vacuum conditions of almost 20-25 MPa with a starting pressure
of 10 and a final applied pressure of 50 MPa at a maximum temperature of 1900 °C. Both
prepared samples showed near full densification of higher than 98.1% of the theoretical density
determined by Archimedes’ principle. Investigation of the crystalline phases by XRD
represented only related peaks to h-BN. The FESEM images indicated an almost uniform
distribution of reinforcement in the h-BN matrix. Furthermore, the polished surface of the
provided samples showed only the pulled-out carbon fibers effects while the fracture surfaces
confirmed the presence of CF and its tunneling effects. The obtained mechanical properties
revealed 273+12 MPa of bending strength, 1.32+0.1 GPa of Vickers hardness, and
4.7940.2 MPa.m"” fracture toughness for the prepared hybrid composite.

© 2024 The Authors. Published by Synsint Research Group.
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1. Introduction

Hexagonal boron nitride (h-BN), commonly called as "white
graphene," because of some similar lamellar structure has been
considered adequately owing to its outstanding chemical and physical
features like friction coefficient and low density, non-wetting
characteristics, chemical and thermal inertness, oxidation, and chemical
resistance [1-4]. Consequently, BN and BN-comprising composites
have significant applications in many fields, including industries

* Corresponding author. E-mail address: khnekouee@gmail.com (K. Nekouee)

dealing with the melting of metals, aerospace, and many chemical
engineering applications [5-8]. The lamellar structure of h-BN forms
as a result of the strong covalent bonds (sp® bonds between N and B
atoms in the layers) and the weak forces of van der Waals between
layers [9-11].

The dense form of h-BN materials with many applications in high-
temperature industries has difficulties in production due to its sintering
problems [12, 13]. Strong covalent bonding, point low diffusion
coefficients, and also high melting in h-BN ceramics lead to the
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prevention of movement of the grains; Moreover, the anisotropic
growth of layers can remain pores which makes the h-BN hard to
produce in the dense form with proper mechanical properties [14—16].
To overcome this problem some research focused on using sintering
aids such as MAS (MgO-AL0;-Si0,) [17] glass-ceramics, Y,0;-AL05-
SiO, [18], MgAION [19] and other popular sintering additives in high-
temperature ceramics [20-22]. One of the unique solutions for the
sintering problem of h-BN-based ceramic is the novel sintering process
like the spark plasma sintering process which can produce most
ceramic materials with high melting points even in pure form and
proper properties [23-26].

Spark plasma sintering has been utilized, as a suitable technique, to
fabricate various materials without considering their melting point and
related problems in sintering and densification [27-30]. The advantages
like controlled atmosphere, fast heating rate, applied pressure, sparks,
and plasma condition, etc. make this method a promising candidate for
preparing dense ceramic materials without any sintering additives
normally used to enhance the densification based on liquid phase
sintering [31-35]. To reach the proper densification of additive-free h-
BN bulk ceramic material, a pressure-assisted sintering method is
essential. Spark plasma sintering offers the production of h-BN-based
ceramic material with proper densification based on literature reviews
[36-39].

The weak mechanical characteristics of bulk h-BN ceramics are
improved by utilizing different reinforcements such as hard ceramics
[40], carbon-based phases [41], or even metallic phases that produce
reaction products as composite materials [42, 43]. Although sintering
aids reduce the sintering temperature, they also reduce the working
temperature of the produced part. For example, boron oxide with a very
low melting temperature or silicon oxide with a low melting
temperature compared to boron nitride, if present in the final part under
high-temperature working conditions, will lead to local melting and the
part not functioning properly. On the other hand, although using hard
reinforcing particles with a very high melting temperature can improve
the final properties, this occurs when maximum densification is

achieved. As a result, due to the prevention of high densification and

h-BN/Carbon fiber

the remaining porosity in the system, these hard particles do not
improve the mechanical properties and lead to weakening. Therefore,
in this work, the impact of carbon fibers, CNTs, and GNPs was
investigated on the mechanical characteristics of h-BN-based ceramic
composites as single and hybrid reinforcements. To the best of the
authors’ knowledge, adding carbon fibers, GNPs, and CNTs to the h-
BN materials was done to enhance the thermal conductivity of the final
products [44-48]. It seems that there is no similar research to
investigate the influence of carbon-based material as reinforcement
phases on the mechanical characteristics of high-temperature spark
plasma sintered h-BN-based composite.

2. Experimental procedures

The h-BN powders were synthesized by heating a mixture of
commercial urea and boric acid (99% purity) in a nitrogen atmosphere.
The synthesis process was implemented based on the authors' previous
work [3]. The mentioned synthesized h-BN powders with 1 wt%
carbon fibers (average diameter of 5 um, length of 5 mm, China),
0.1 wt% of CNTs (MWCNTs, >95% purity, OD: 5-15 nm, US
Research nanomaterials Inc.) and 0.1 wt% of GNPs (average thickness
~ 2 nm, particle diameter < 2 um, mean surface area: 750 m%/g, XG
Sciences, Grade C) were added into 100 ml ethanol containing 0.01 g
sodium dodecyl benzene sulfonate (SDS) and ultra-sonicated for
20 min to unwarp agglomeration of carbon-based phases. Similarly, the
other batch containing h-BN powders and 1 wt% carbon fibers was
poured into 100 ml ethanol. After that, both mixtures were dried on a
stirring hot plate while stirring at a temperature of 70 °C. The obtained
mixtures of two composites were directly placed in a mold made of
graphite covered by graphite foil (30 mm diameter). The sintering
process was carried out by SPS apparatus (SPS-20T-10, Easy Fashion
Industry, China) under vacuum conditions (20-25 MPa) and at a
maximum sintering temperature of 1900 °C. The pressures applied at
the beginning and end of the process were 10 MPa and 50 MPa,
respectively. The external load increased during the holding period at
the elevated temperature of 1900 °C. Fig. 1 explains a summary of the
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Fig. 1. Summary of preparation method including schematics and camera pictures.
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preparation method including schematic and camera pictures. After
completing the sintering process, the graphite foils were removed from
the sample surfaces through grinding, and three bar-shaped specimens
(25%x5%5 mm) were cut from the resulting cylindrical samples.

The Archimedes principle was utilized to compute the relative density
of the provided specimens. To identify crystalline phases and also
evaluate the microstructure of samples, XRD (Philips, X-Pert System,
Cu k, radiation, 20 of 10-80 °) and FESEM (MIRA 3 TESCAN, Czech
Republic) equipped with EDS techniques were utilized, respectively.
The flexural strength of samples was measured through a three-point
bending strength test (Santam-STm20 Iran). A Vickers microhardness
test was performed at room temperature using an MKV-h21
microhardness tester, with a load of 1 kgf and a holding time of
10 seconds. The results were obtained by calculating the average of
10 successful indentations. The measurement of crack lengths was also
used for estimating indentation fracture toughness (K;c) based on
Evans’ equation [49] as follows:

Kic=0.16 Hv.a’.c™*? 1)
where Hv, a, and ¢ show Vickers hardness, half the mean diagonal
length of the Vickers indentation, and the average length of the cracks
obtained from the indentation, respectively. The values of a and ¢ were
measured using FESEM.

3. Results and discussion

Fig. 2 displays the changes in punch movement, displacement rate, and

temperature versus time obtained from the SPS procedure of two
h-BN/CF and h-BN/CF/CNT/GNP
specimens. These types of curves have become as useful tools to

investigated composites as
monitor the sintering process and especially are useful methods for
readers to repeat the sintering procedures in detail. Regarding the
Fig. 2, almost a similar heating regime was chosen for both
samples and after 28 min the temperature was raised to 1900 °C.
By increasing temperature until nearly 1500 °C no obvious changes
were detected in the punch displacement which is expected due
to the nature of composites’ components (carbon and h-BN)
considered as high melting point materials. The first stage of
sintering for both the prepared composites started at the above-
the
punch displacement increased slowly. By reaching a temperature of

mentioned temperature and by increasing temperature,
almost 1800-1850 °C, the 2nd stage of densification and somehow
the original stage of the sintering process in terms of densification
occurred. After that, the applied load was progressively increased
from 10 to 50 MPa at a temperature of 1900 °C which led to a
dominant stage in densification. Regarding Fig. 2, 35 min into the
sintering process and during its last stage, no significant changes
in punch displacement were observed, indicating that the process had
achieved maximum densification under the applied temperature and
pressure Moreover, the total shrinkage of the
h-BN/CF/CNT/GNP hybrid composite (punch displacement change)

is lower than the h-BN/CF specimen that appears to be associated

conditions.

with the formation of GNPs and/or CNTs agglomerates and
prevents proper densification.
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Fig. 2. Curves of punch displacement-temperature-time attained from the SPS of composites.
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Fig. 3. XRD patterns of h-BN/CF and h-BN/CF-CNT-GNP hybrid composites.
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Fig. 4. FESEM images from the polished surface of h-BN/CF composite along with corresponding EDS elemental map.
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Fig. 3 shows XRD patterns related to the h-BN/CF and h-
BN/CF/CNT/GNP composite materials from the polished surface
which is perpendicular to the punch axis. As it is clear from Fig. 3, the
prominent peaks in the both of obtained patterns are related to the h-
BN as a crystalline phase. Moreover, there is an overlapping of the
carbon peak and the related peak to the h-BN at around 20=26 °.
Moreover, as anticipated, there is no indication of a reaction between h-
BN and carbon phases based on XRD detection’s limit.

Fig. 4 depicts FESEM images and relevant EDS elemental mapping of
the polished surface of the h-BN/CF composite, including insets at
higher magnifications. Regarding Fig. 4, the EDS elemental mapping
of the h-BN/CF composite surface at low magnification (BSE and SE
modes) demonstrates the presence of nitrogen and boron atoms
throughout the surface, verifying that h-BN remains stable without
undergoing decomposition or reaction. As shown in Fig. 4, no carbon
fibers were detected; however, the effects of their pull-out due to the
polishing process were clearly observed. Moreover, it seems that the

SEM HV: 15,0 kv WD: 15.94 mm

SEM MAG: 2.00 kx Det: SE 20pm
View field: 104 um _ Date(midly): 12/26/20

View field: 20.7 ym

bonding between h-BN and carbon fibers after detachment leads to
pushing the h-BN planes on the surface in the same direction as the
remaining pushing lines.

FESEM images from the fracture surface of the h-BN/CF composite
with EDS spectra and quantitative analyses are shown in Fig. 5.
Considering Fig. 5, carbon fibers are easily visible on the fracture
surface of the sample. Moreover, it seems that carbon fibers have a
strong attachment to the BN matrix which has been covered by h-BN
particles after fracture. A strong interface between the reinforcement
and the matrix in the composite is essential for effective load transfer to
the reinforcement phase and enhancement of composite mechanical
properties. The quantitative analysis from o and B spots in Fig. 5, can
confirm the matrix is h-BN while the amount of carbon is high at the
spot o which approves the presence of carbon fiber. The high aspect
ratio of CFs, as seen in Fig. 5, allows them to bridge cracks effectively
and bear tensile loads, which helps in transferring stress across crack
surfaces.
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Fig. 5. FESEM images, EDS spectra, and quantitative analyses of h-BN/CF composite fracture surface.
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Fig. 6 reveals FESEM images of h-BN/CF/CNT/GNP hybrid
composite at different magnifications. Regarding Fig. 6, the effect of
carbon fiber as a result of fiber pulling out was seen as well as the
polished surface of the h-BN/CF composite. It is observed that the
microstructure of the sample does not show any pores and porosities at
the composite surface. Because CNTs are almost undetectable on the
polished surface of the composite, but in the highest magnification
images belonging to Fig. 6, a mixture of CNTs agglomeration with h-
BN particles can be seen.

Fig. 7 illustrates FESEM images of the fracture surface of h-
BN/CF/CNT/GNP  hybrid composite from ultra-low to high
magnifications through insets on them. As can be seen from Fig. 7, the
carbon fibers at the fracture surface were detected while some
tunneling can be found as a result of carbon pulling out. Also, some
fibers were covered by the BN particles which seems due to good
attachment between CF and h-BN. Moreover, the high magnification
images in Fig. 7 reveal that CNTs and GNPs with CF reinforcement led
to the forming of a hybrid composite. It is worth noting that
distinguishing GNPs in the lamellar structure of h-BN is too hard but
the prepared image shows a transparent plane that can considered as
graphene. Fig. 7 also shows the carbon fiber rupture which can occur as
a result of a perfect attachment between h-BN and CF during fracture.
The combined effect of CFs, CNTs, and GNPs with varying aspect
ratios and different morphologies optimizes the mechanical features of
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the h-BN ceramic composite. The high aspect ratios of CFs and CNTs
effectively bridge and arrest cracks, while the planar GNPs inhibit
crack propagation.

Table 1 summarizes the mechanical properties and relative density
calculation of h-BN/CF and h-BN/CF/CNT/GNP composites including
Vickers hardness, fracture toughness, and flexural strength.
Considering Table 1, both prepared composites have near fully dense
relative density compared to the other prepared h-BN-based ceramic in
the literature reviews. The Vickers hardness of the hybrid composite is
a little higher than the h-BN/CF composite which by considering the
calculated standard deviation seems that the attained Vickers hardness
of samples is in the same range. In the case of flexural strength and
fracture toughness, the hybrid prepared composite shows a higher
amount which is expected as the original goal of this work.

Fig. 8 indicates the curves of load-extension achieved from a test of the
three-point bending strength of both sintered composites. Regarding
Fig. 8, the fracture load and extension of the hybrid composite are
higher compared to the composite containing only carbon fiber as
reinforcement. Notably, the area beneath the load-extension curve can
serve as an indicator of toughness (adsorb energy until fracture).
Therefore, considering Fig. 8 the area under the load-extension curve
relating to the h-BN/CF/CNT/GNP sample is higher than the h-BN/CF
composite which is fully consistent with the fracture toughness
calculated in Table 1.
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Fig. 6. FESEM images of h-BN/CF/CNT/GNP hybrid composite polished surface.
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Fig. 7. FESEM images of h-BN/CF/CNT/GNP hybrid composite fracture surface from low to high magnifications.

Table 1. Mechanical properties and relative density of SPSed h-BN-based composites.

Composites Relative density Vickers hardness Flexural strength Fracture toughness
(%) (GPa) (MPa) (MPa.m'?)
h-BN/CF 98.69+0.21 1.19+0.08 206+13 3.84+0.16
h-BN/CF/CNT/GNP 98.17+0.25 1.32+0.1 273£12 4.79+0.2
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Fig. 8. Curves of load-extension during bending strength test of prepared composites.

4. Conclusions

Two h-BN-based ceramics reinforced with carbon fibers and carbon
fiber-CNTs-GNPs were successfully fabricated as conventional and
hybrid composites by a high-temperature spark plasma sintering
process. Both prepared composites were sintered at 1900 °C and the
results indicated that there is no sign of decomposition and/or reaction
of components of composites. The microstructural investigations on the
polished surface of samples revealed the effects of CF on the surface as
a result of the pulling-out phenomenon and polishing process. The
fracture surface of both prepared composites exhibited carbon fibers
with a weak and strong attachment to the h-BN matrix which after
fracture led to formation tunnels, pulled out, and ruptures. The obtained
mechanical properties indicated that adding 0.1 wt% of CNTs and
GNPs led to an increase in fracture toughness from 3.84 to
4.79 MPa.m'?, flexural strength from 206 to 273 MPa, and Vickers
hardness from 1.19 to 1.32 GPa compared to the h-BN/1 wt% CF
composite.
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