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Graphene platelets (GPLs) are widely preferred as a second phase to improve the properties of
Research article advanced technology ceramics thanks to their excellent mechanical properties. However, their
Received: 23/11/2021 agglomeration tendency requires the application of dispersion processes before mixing with
Revision:09/12/2021 matrix powders. Sonication is the most commonly used technique for the dispersion of GPLs. In

Accepted:20/12/2021 this study, the effects of adding GPLs prepared at different probe-sonication times such as 1, 2, 4
and 6 h on the microstructure and mechanical properties of spark plasma sintered (SPS) silicon
Keywords carbide (SiC) were investigated. Scanning electron microscopy (SEM) examinations and size
measurements revealed that the size of GPLs decreased with increasing sonication time.
(G(’;’;%j”e Platelets However, the reduction in the size of the GPLs was very low up to the 2 h sonication time and

Sonication Time bec.ame more p‘ronoupced at the GPLs prepared ?.t 4 and 6 h sonication times. Ramap analys§s

Fracture Toughness indicated that dispersions of GPLs agglomerates increased as well as defects and/or disorders in

Silicon Carbide their structures with increasing sonication time. However, the thickness of the well-dispersed

SPS GPLs obtained at the 2 h sonication time did not change when the sonication time was increased
to 4 and 6 h. The highest increment in the fracture toughness of SiC matrix in both the through-
plane (//) and in-plane (L) directions was achieved with the addition of GPLs sonicated for 2 h
among the GPLs prepared at different sonication times. The higher contribution of 2 h sonicated
GPLs to fracture toughness than non-sonicated and 1 h sonicated GPLs was associated with their
more homogeneous distribution in the matrix microstructure, while higher toughness values they
provided compared to 4 and 6 h sonicated GPLs could be explained by the positive effect of their
higher lateral size and aspect ratio. GPLs have improved the fracture toughness of SiC matrix
with the help of bridging and deflection toughening mechanisms.

1. INTRODUCTION

In recent years, graphene platelets (GPLs), a two-dimensional form of carbon, have been attracted attention
as the second phase in improving the mechanical properties of advanced technology ceramics, thanks to
their high surface area and superior mechanical properties (high fracture strength (~125 GPa) and Young’s
modulus (~1TPa)) [1-3]. SiC as an important member of the advanced technology ceramics group, has a
combination of excellent properties such as high hardness and strength, corrosion and oxidation resistance,
chemical and thermal stability, and melting point. These properties of SiC have provided to be used in high
temperature, wear resistant and cutting applications in many industrial areas such as automotive and
aerospace industries [4-6]. However, the low fracture toughness of SiC restricts its usage areas.

It has been determined that the mechanical properties of matrix materials have increased significantly with
the addition of GPLs [7-15]. In a study [7] in which GPLs-SiC composites were produced with the SPS
technique at different temperatures, it was observed that the fracture toughness of SiC improved by
approximately 5-20 % with the addition of 1 wt % GPLs. Li et al. [8], who sintered the SiC matrix
composites containing 0.5, 1 and 1.5 wt % GPLs by using vacuum reaction sintering furnace, achieved the
highest strength and fracture toughness at 1 wt % GPLs content with an increase of ~ 50 %. In a different
study [9], the fracture toughness of SPSed SiC was improved by ~ 40 % with the addition of 2 wt % GPLs.
Yang et al. [10], sintered the SisN4 matrix composites containing 0.2, 0.5, 1, 2, 5 and 10 wt % GPLs using
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the hot pressing technique determined that there was an improvement of ~ 10 and 3 % in the fracture
toughness and strength of the SisNa, respectively, at 0.2 wt % GPLs content.

The distribution of GPLs in the matrix microstructure is one of the critical parameters that affect the
properties and performance of the final composites. For high mechanical performances, the GPLs should
be homogeneously dispersed within the matrix microstructure without any agglomeration [16]. The fact
that the GPLs tend to agglomerate due to weak van der Waals interactions between them indicates the
importance of the applied dispersion techniques. It was determined that sonication is the most common and
effective method used to dispersion of the GPLs before mixing with matrix powders. Sonication can be
performed to the liquid containing GPLs in two ways, ultrasonic bath and probe-sonicator. The sound waves
applied during sonication causes to agitate the GPLs in a liquid medium. In this way, the GPLs in the outer
part of agglomerates peel off and become individual sheets [11]. Porwal et al. [12], who produces graphene
reinforced alumina nanocomposites by using the SPS technique, have dispersed the GPLs for 2 h by
sonication technique and then blended them with the alumina starting powders for 4 h using ball milling.
In another study [13] which GPLs-aluminum nitride (AIN) composites were sintered by hot pressing
technique and the mechanical properties of the products were measured, GPLs were first sonicated for 1.5
h and then mixed with AIN powders by using a planetary mill. To produce GPL-Si3N4 composites, Tapaszto
et al. [14] applied 30 min of sonication to GPLs following the 30 min of planetary milling in the presence
of melamine and blended the sonicated GPLs with SizN4 powders by mechanical milling.

In all these studies, GPLs were dispersed for different sonication times before mixing with matrix powders.
However, no study was found to determine the sonication time that would maximize the mechanical
properties of the matrix to which GPLs were added. Additionally, it has been reported that the probe-
sonication was more efficient in the dispersion of agglomerates than bath sonication [17]. Therefore, the
motivation of this study was to determine the sonication time which GPLs can be successfully dispersed
with minimal structural damage since the sonication process was known to cause defects/disorders in the
structure and surface of the GPLs [18] and to investigate the effects of the addition of GPLs prepared at
different sonication times on the microstructure and mechanical properties of SiC matrix such as hardness
and fracture toughness. For this purpose, GPLs were prepared with probe-sonication technique for 1, 2, 4
and 6 h. SiC matrix and GPLs-SiC composites were sintered using the SPS technique. Microstructure,
density, hardness, and fracture toughness measurements of the produced materials were carried out.

2.MATERIALS AND METHODS

Commercially available a-SiC powder (Saint Gobain Sika, DENSITEC 15) containing B4C (CRS
Chemicals, F2000 Grade) at a ratio of 1 wt % was used as starting material. Y203 (99.9% purity, H.C.
Starck Berlin, Germany) and AlOs (Alcoa-A16SG) powders were used as sintering additives. The matrix
material consists of the 93 wt % a-SiC, 5 wt % Y203 and 2 wt % Al,Os. ~ 12.2 um average lateral size, 5-
8 nm thickness and 99.9 % purity were the properties of the commercial GPLs (Graph. Chem. Ind. Comp.)
used during the study. The amounts of starting powders that form the SiC matrix and GPLs-SiC composites
are given in Tablel.

Table 1. The amounts of starting powders that form the SiC matrix and GPLs-SiC composites.

Compositions (g)

Starting Powders
SiC Matrix GPLs-SiC Composites
SiC 27.9 27.62
Y20; 1.50 1.49
Al>0; 0.60 0.59
GPLs - 0.3

Total 30 30
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Probe-sonication was applied to GPLs in the isopropanol medium for 1, 2, 4 and 6 h under the conditions
of successive vibration for 16 s and standby for 25 s, at the 20 kHz frequency, 40 % of amplitude. Sonication
processes were carried out in an ice bath to avoid the negative effects of heat on the structure and surface
of GPLs. The sizes of the GPLs were measured (Malvern Instruments, Hydro 2000) after each sonication
process. The SiC, Y»0; and Al,Os powders were blended in the planetary ball mill by using the SizN4
medium and SizN4balls for 1 h at 300 rpm. Non-sonicated GPLs and GPLs prepared at different sonication
times were added to the matrix material composition at a rate of 1 wt %, and mixing was continued with
planetary ball mill for 1 h at 120 rpm in the isopropanol medium. The evaporator removed the isopropanol
in the slurries and the obtained GPLs-SiC composite powders were sieved. The SiC matrix and GPLs-SiC
compositions were sintered using the SPS technique (HP 25D, FCT GmbH) at 1950 and 2000 °C,
respectively. Sintering of all samples carried out at 50 MPa uniaxial pressure for 4 min under a vacuum
atmosphere.

The samples' bulk density values were measured using the Archimedes method in the deionized water as
the immersion medium. The relative density values were calculated by the rule of mixtures. The theoretical
densities of SiC and GPLs were used as 3.21 and 2.26 gem™, respectively during the calculations. Samples
were cut parallel and perpendicular to the SPS pressing axis since several studies have reported that the
uniaxial pressure applied in the SPS causes the GPLs to be oriented within the matrix microstructure. The
investigation and measurement directions were called through-plane (//, parallel to the SPS pressing axis)
and in-plane (L, perpendicular to the SPS pressing axis) directions. The cutting and examination details
were given elsewhere [19].

The cut samples were polished from coarse to fine with diamond polishing solutions and appropriate
polishing cloths in the automatic polisher (STRUERS, TegraPol-25). XRD (Rigaku, RINT-2000) analyses
were carried out in the through-plane (//) direction between 20 and 80° (2@), at 40 kV accelerating voltage,
30 mA current, 2°/min scan speed and 0.02 step size since a distinctive graphene peak was obtained in this
direction [19]. The Raman (WITec, alpha 300) analyses were performed to each GPLs prepared at different
sonication times.

The hardness values of the samples were measured by using the Vickers indentation (Emco-Test) technique
under the conditions of 5 kg load and 10 s dwell time. At least five measurements were performed for each
sample, and average values were used to obtain statistical results. Furthermore, the fracture toughness
values were calculated by using the equation 1 given below [20]:

K. = 0.067 (:—V)O'4 Hya®S (g)-l-S (1)

While the morphologies of the GPLs were examined by secondary electron (SE-SEM) imaging technique,
the polished and indented surfaces of the sintered samples were investigated by backscatter electron (BSE-
SEM) imaging technique in the SEM (Zeiss, SUPRA 50 VP).

1. RESULTS AND DISCUSSION

Figure 1 shows morphological SE-SEM images of the non-sonicated GPLs (a) and GPLs sonicated for 1
(b), 2 (c), 4 (d) 6 (e) h. Additionally, the GPLs platelet sizes, measured after each sonication process are
given in Table 2. Morphological images and platelet size measurements were compatible with each other,
and they demonstrated that the platelet size of GPLs decreased as the applied sonication time increased.
Measurements indicated that the size of the non-sonicated GPLs, which was about 12.20 um, reduced by ~
2, 5,25 and 30 to 11.90, 11.55, 9.10 and 8.50 um with probe-sonication for 1, 2, 4 and 6 h, respectively
(Table 2). This revealed that the GPLs undergo fragmentation as well as dispersion due to the generation
of shear force caused by shock waves during the sonication process [18]. However, there was a very slight
decrease in the average platelet sizes of GPLs sonicated for 1 and 2 h, while the decrease has became
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evident when the sonication time was increased to 4 and 6 h. Although the size difference was large among
the non-sonicated GPLs, GPLs sonicated for 6 h had a more uniform platelet size distribution (Fig. 1).

Figure 1. Morphological SE-SEM images of the (a) non-sonicated GPLs and GPLs sonicated for (b)1,
(c) 2, (d) 4 and (e) 6 h.

Figure 2 and Table 2 present the Raman spectra and Raman analysis results of non-sonicated GPLs and
GPLs sonicated at different times, respectively. The single shape of the 2D band in the spectra of all GPLs
(Fig. 2) confirmed the graphene phase [21]. 2D-band generally related to the thickness of the GPLs, and
the ratio of the 2D-band intensity to the G-band intensity (Ion/lg) gives information about the number of
layers [22, 23]. During the study, at least ten Raman analyses were performed to each GPLs, and the
averages of the obtained values were given in Table 2. The average l»p/Ig value (0.880) and measurement
ranges (0.755-0.960) indicated that non-sonicated GPLs were multilayered in different thicknesses. With
the application of probe-sonication for 1, 2, 4 and 6 h, the average Ip/Ig value increased to 0.905, 0.937,
0.940, and 0.942, respectively. These results revealed that the stacked GPLs were de-agglomerated with
sonication and that the thickness of the GPLs decreased with increasing processing time. The fact that the
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lowest measured I,p/Ig limit increased as the applied sonication time increased showed that the dispersion
of GPL agglomerates continued with increasing sonication time. On the other hand, the upper Ip/lg limit
remained the same as the time increased after 2 h of sonication (Table 2), indicating that the thinnest GPLs
that could be obtained by sonication was achieved at this point, and no further thinning could occur as the
process continued.

Table 2. The average sizes of the non-sonicated GPLs and GPLs sonicated at different times and also
average Ip/lg, Ip/lg values calculated by using at least ten Raman analyses. The values in brackets
are for the measurements range

Sonication Time  Average Size

Lp/1 Iy1,
M (um) /e e
0 12.20 0.880 (0.755-0.960) 0.847 (0.769-0.895)
1 11.90 0.905 (0.782-0.967) 0.855 (0.786—-0.900)
2 11.55 0.937 (0.855-0.981) 0.870 (0.803-0.906)
4 9.10 0.940 (0.870-0.981) 0.884 (0.815-0.917)
6 8.50 0.942 (0.890-0.982) 0.892 (0.823-0.926)
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Figure 2. Raman spectra of the non-sonicated GPLs and GPLs sonicated for 1, 2, 4, 6 h.

The ratio of the D-band intensity to the G-band intensity (In/lg) in the Raman spectra can be used to express
the degree of defects and disorders in the GPLs structure [23]. As seen in Table 2, the ratio of I/l increased
with increasing probe-sonication time. The fact that the increased degradation in the GPLs structure has a
negative effect on their reinforcement strength [16] has shown the necessity of achieving maximum
dispersion in short sonication times.

Table 3 gives the bulk and relative density values of SiC matrix and SiC matrix composites containing
GPLs. The bulk and relative densities of the SiC matrix were determined as 3.205 gem™ and 99.8 %,
respectively. This showed that the applied sintering conditions were suitable for obtaining highly dense
SiC. On the other hand, with the addition of GPLs prepared at different times, the bulk density of SiC
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decreased by about 2 %. Porosities that may occur in the composite microstructure and cracks formation in
the layered structures caused by the thermal expansion and elastic modulus mismatch between GPLs and
the matrix can be shown as the reasons for this decline in density [24, 25]. The relative densities of GPLs-
SiC composites higher than 97 % showed that high-density composites were produced in themselves.

Table 3. Bulk and relative density values of the SiC matrix and SiC matrix composites containing
non-sonicated GPLs and GPLs prepared at different probe-sonication times.

Sonication Time Bulk Density Relative Density
(h (gem™) (%)

SiC Matrix 3.205 99.8

0 3.125 98.2

1 3.115 97.9

2 3.120 98.1

4 3.120 98.1

6 3.100 97.4

The through-plane (//) direction XRD pattern (Fig. 3) obtained from the SiC matrix and GPLs-SiC
composites showed the presence of two main hexagonal polytypes of SiC, 6H-SiC and 4H-SiC. During
sintering, the 6H-SiC structure was partially transformed to 4H-SiC [26]. The low intensity graphene peak
determined at 26.6 degrees in the pattern of SiC matrix indicated that the free carbon contained in the initial
SiC powder crystallized during SPS. The intensity of the graphene peak increased with the addition of
GPLs.
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Figure 3. Through-plane (/) direction XRD pattern obtained from the SiC matrix and SiC matrix
composites containing non-sonicated GPLs and GPLs sonicated for 1, 2, 4 and 6 h.
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Figure 4 presents low (a, c, e, g, 1, k) and high (b, d, f, h, j, 1) magnification BSE-SEM images of SiC matrix
(a, b) and GPLs-SiC composites (c-1) taken in the in-plane (L) direction. To investigate whether black
phases that are needle and spherical like observed in the microstructure of SiC matrix are porosity or not,
magnified BSE-SEM and in-lens-SEM images obtained from the same region are given in Figure 5 a and
b, respectively. The in-lens-SEM image, a surface sensitive imaging technique, revealed that the phases
marked with arrows in the BSE image were not porosities. The needle-like phase indicated by the blue
arrows may be associated with the crystallized carbon identified in XRD, while the spherical-like phase
(indicated with pink arrows) may be the crystallized carbon or B4C phase whose source was B4C powder
contained at the small amount in the starting powder mixture. In addition, the regions indicated by yellow
arrows demonstrated that some crystallized carbon or B4C grains were pulled out from the surface during
mechanical polishing. The homogeneous dispersion of the SiC grains, white liquid phase and black phase
associated with crystallized carbon and/or B4C without any porosity in the microstructure of the SiC matrix
supported the density result by showing that a highly dense SiC matrix was produced.
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Figure 4. BSE-SEM images taken at low and high magnifications from (a, b) SiC matrix and SiC matrix
composites containing (c, d) non-sonicated, (e, f) 1, (g, h) 2, (i, j) 4, (k, 1) 6 h sonicated GPLs.

Figure 5. (a) BSE-SEM and (b) in-lens-SEM images obtained from the same region of the SiC matrix.
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It was clear that the GPLs represented by black color were dispersed with orienting in the microstructure
of the GPLs-SiC composites (Fig. 4 c-1) due to applied uniaxial pressure in the SPS. Additionally, while no
significant change was observed in the size of the GPLs at the 1 and 2 h sonication times, a noticeable size
reduction has occurred in the 4 and 6 h sonicated GPLs as consistent with size measurement results.

Besides, the microstructures demonstrated the presence of thick GPLs in non-sonicated and 1 h sonicated
GPLs, and also showed that these stacked structures were highly dispersed in 2, 4 and 6 h sonicated GPLs.
However, there was no significant difference in thickness between the GPLs sonicated for 2, 4 and 6 h.
When the microstructures of all produced GPLs-SiC composites were evaluated together, it was determined
that the presence of thicker GPLs in the non-sonicated GPLs limited their homogeneous distribution in the
matrix microstructure compared to the sonicated GPLs. The applied sonication processes have enabled the
dispersed GPLs to be homogeneously distributed in the SiC matrix microstructure. Measurements and
microstructural studies have shown that GPLs could be effectively dispersed and retain their sizes without
much fragmentation at 2 h sonication time. In addition to all these, microstructures have shown that high-
density GPLs-SiC composites could be produced.

The effects of adding the GPLs dispersed at different probe-sonication times on the hardness and fracture
toughness of the SiC matrix are shown in Figure 6. Since no significant difference was observed between
the samples' through-plane and in-plane directions hardness values, the averages of the values measured in
both directions were used. The hardness of the SiC matrix was reduced by ~ 8 and 7, 6, 5, 5 with the addition
of 1 wt % non-sonicated GPLs and 1, 2, 4, 6 h sonicated GPLs, respectively. Weak interfacial bonding
between GPL agglomerates and SiC grains could be accepted as a reason for this decline. As the applied
sonication time increased, the degree of dispersion of the agglomerates also increased, and the decline in
the hardness of SiC relatively decreased (Fig. 6 a).

The fracture toughness of the SiC matrix did not exhibit a noticeable difference between the through-plane
and in-plane directions like the hardness value. GPLs sonicated at different times improved the fracture
toughness of the SiC matrix at different degrees in both directions. The fracture toughness of the SiC matrix
(5 MPa m'?) increased by ~ 4, 12, 28, 26, 24 % and by ~ 12, 22, 38, 30, 28 % in the through-plane and in-
plane directions, respectively, with the addition of non-sonicated, 1, 2, 4, 6 h sonicated GPLs. In both the
through-plane and in-plane directions, the highest fracture toughness value was achieved with the GPLs
sonicated for 2 h, while the non-sonicated GPLs provided the least enhancement (Fig. 6 b). Figure 7 shows
the BSE-SEM images of the representatively selected cracks obtained by in-plane direction indentations in
SiC matrix and 2 h sonicated GPLs-SiC composites. It was seen that black phases associated with
crystallized carbon and/or B4C also play an important role in the dissipation of the energy accumulated at
the tip of the crack formed in the SiC matrix in addition to the grain boundaries (Fig. 7 a). Crystallized
carbon and B4C grains preserved the fracture toughness of the matrix mainly by the bridging mechanism
(indicated with yellow arrows). On the other hand, the energy of the crack formed in SiC containing 1 wt
% GPLs sonicated for 2 h (Fig. 7 b) decreased under the influence of the bridging and deflection toughening
mechanisms (indicated with green arrows) provided by GPLs as well as the bridging mechanism of the
black grains associated with crystallized carbon and B4C (indicated by yellow arrows); thus, the crack has
thinned and stopped.

The lowest toughness value of the SiC containing non-sonicated GPLs among the produced GPLs-SiC
composites can be explained by the formation of GPLs-rich and GPLs-poor regions in the matrix
microstructure due to undispersed GPLs agglomerates (Fig. 4 c¢). Since the contribution of GPLs to
preventing or retarding crack propagation was limited in GPL-poor regions, the toughness values in the
measurements corresponding to these regions were close to that of the SiC matrix. As a result of the
dispersion of the GPLs by the applied sonication processes, their more homogeneous dispersion compared
to the non-sonicated GPLs in the matrix microstructure led to more improvement on fracture toughness.
The fracture toughness tended to increase up to the composite containing GPLs sonicated for 2 h, whereas
it started to decrease when the sonication time was increased to 4 and 6 h. The increase in the toughness of
SiC matrix by the GPLs sonicated for 2 h more than the 1 h sonicated GPLs can be explained by the fact
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that the crack has a greater chance of encountering homogeneously distributed GPLs, thus the activation of
more toughening mechanisms.
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Figure 6. (a) Hardness and (b) fracture toughness values of the SiC matrix and GPLs-SiC composites.

The higher fracture toughness of SiC containing GPLs sonicated for 2 h compared to the SiCs containing
GPLs prepared at 4 and 6 h indicated the positive effect of the large lateral size of GPLs on fracture
toughness. Larger GPLs were more successful than smaller ones at retarding crack propagation by
mechanisms such as deflection and bridging. This result was compatible with the study [27] in which the
mechanical properties of polymer matrix composites containing two different GPLs with lateral sizes of 5
and 25 um at the same thickness were measured. In that study, at the same GPLs contents, the fracture
toughness and flexural modulus values of the composites containing GPLs having 25 um lateral size were
found to be significantly higher than those containing a GPLs with a size of 5 um. Furthermore, this
different fracture toughness behavior of SiCs containing GPLs sonicated for 2, 4 and 6 h can also be
associated with the different aspect ratios of GPLs. As the Raman and microstructure analyses revealed that
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there was no obvious thickness difference between GPLs sonicated for 2, 4 and 6 h and the platelet size of
the 2 h sonicated GPLs was larger than the others, it can be assumed that the GPLs sonicated for 2 h had
the highest aspect ratio among these three GPLs. GPLs with a high aspect ratio bond more strongly with
the matrix than GPLs having a low aspect ratio, facilitating the transfer of load from the matrix to the GPLs
[28, 29].
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Figure 7. Representative toughening mechanisms occurred in the (a) SiC matrix and (b) SiC matrix
composite containing GPLs sonicated for 2 h in the in-plane (1) direction.

It was determined that the fracture toughness values of all the GPLs containing SiC composites were higher
in the in-plane direction than in the through-plane direction as consistent with studies on GPLs-ceramic
matrix composites produced with SPS [19, 30]. However, the toughness differences between the two
directions varied between ~ 8 and 3 %, indicating a slight anisotropy. The difference in toughness between
the two directions decreased with increasing sonication time applied to the GPLs. This can be explained by
the fact that it becomes more difficult for GPLs to be oriented in a particular direction in the matrix
microstructure as their platelet size decreases.

2. CONCLUSION

The effects of adding the GPLs sonicated for 1, 2, 4 and 6 h on the microstructure and mechanical properties
of SiC ceramics such as hardness and fracture toughness were investigated. Microstructural analyses
showed that GPLs agglomerates dispersed, and the platelet size of GPLs decreased with increasing
sonication time. Although this decrease in platelet size was minimal up to the 2 h sonication time, it became
evident in the GPLs sonicated for 4 and 6 h. Raman analyses indicated that stacked GPLs dispersed and
became thinner up to 2 h sonication time, and after this point, when the sonication time increased to 4 and
6 h, the GPLs agglomerates continued to be dispersed, but the thickness of the already thinned ones
remained the same. Optimum dispersion was achieved with the least change in platelet size at 2 h of
sonication. With the addition of GPLs sonicated at different times, the hardness of the SiC matrix decreased
by about 5-8%. Among the GPLs sonicated at different times, the highest fracture toughness in both the
through-plane and in-plane directions was obtained in the SiC containing GPLs sonicated for 2 h. The
toughness of 2 h sonicated GPLs-SiC composite was higher than SiCs containing non-sonicated and 1 h
sonicated GPLs because of their more homogeneous dispersion in the matrix microstructure. The higher
degree of increase in fracture toughness of SiC matrix by GPLs sonicated for 2 h compared to GPLs
sonicated for 4 and 6 h was due to the positive effect of larger platelet size and aspect ratio. GPLs have
increased the fracture toughness of SiC matrix through bridging and deflection toughening mechanisms.
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