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 Abstract 

Graphene platelets (GPLs) are frequently preferred as reinforcement material to improve the 

mechanical properties of many advanced technology ceramics, thanks to their superior properties. 

However, their reinforcement levels vary depending on whether they are homogeneously 

distributed in the matrix microstructure. This is generally controlled by the thickness (number of 

layers) of the GPLs. In general, single- or few-layer GPLs show high performance as 

reinforcement but are commercially expensive. This limits their large-scale use. This study aims 

to achieve the performance of the GPLs (GPLRef), which is determined to have a high mechanical 

reinforcement level but is quite expensive, by economically thinning other GPLs (C0-GPL) with 

similar platelet size but thicker structure and cheaper. For this purpose, the microfluidization 

technique, a new approach to the dispersion of GPLs, was applied. C0-GPL was exposed to 1, 2, 

4 and 8 cycles of microfluidization process. Microfluidized GPLs were added to the SiAlON 

matrix at a ratio of 1.5 wt %, and the GPLs-SiAlON composites were sintered using the spark 

plasma sintering (SPS) technique. The platelet size of C0-GPL decreased as the number of applied 

microfluidization cycles increased. However, while this reduction in platelet size was not 

significant up to 2 cycles, it was very pronounced at 4 and 8 cycles. Raman analyses revealed that 

GPLs could be dispersed effectively for up to 4 cycles. After this point, the GPLs fragmented 

rather than thin as the number of cycles increased. GPLs, slightly thinner than GPLRef could be 

obtained with 2 cycles of microfluidization (C2-GPL). Therefore, C2-GPL were more 

homogeneously dispersed in SiAlON matrix microstructure compared to GPLRef. As a result, both 

the through-plane and in-plane direction fracture toughness values of SiAlON matrix containing 

C2-GPL, which partially preserved the platelet size, were higher than those of GPLRef-SiAlON. 

The fracture toughness of SiAlON matrix composites containing 4 and 8 cycles of microfluidized 

GPLs were lower than that of GPLRef-SiAlON as an adverse effect of decreasing platelet size. It 

has been determined that the mechanical reinforcement performance of commercially expensive 

GPLRef can be achieved economically by applying 2 cycles of microfluidization to cost-effective 

C0-GPL. 
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1. INTRODUCTION 

GPLs are frequently used as reinforcement material in recent years due to their high surface area and 

superior mechanical properties (high fracture strength (~125 GPa) and Young's modulus (~1TPa)) [1-3]. It 

has been determined that the mechanical properties of many advanced technology ceramics, such as fracture 

toughness and flexural strength, are improved with the addition of GPLs. Study [4] in which 0.2, 0.5, 1, 2, 

5 and 10 wt % GPLs were added to Si3N4, the fracture toughness and strength of the matrix increased by 

approximately 9 and 3 %, respectively, at 0.2 wt % GPLs content. In another study [5], the fracture 

toughness of zirconia increased by about 30 % with the addition of 4 vol % graphene oxide. The fracture 

toughness and flexural strength of Al2O3 matrix improved by 27 and 30 %, respectively, at 0.38 vol % GPLs 

content in a study conducted on GPLs-Al2O3 composites [6]. SiAlON, an alloy of silicon nitride (Si3N4), is 

included in the advanced technology ceramics group. It has industrial applications such as metal forming 

tools, milling media, blast nozzles, cutting tools, thermocouple protection tubes, riser, and heater tubes [7-

9]. On the other hand, when its mechanical properties improve, its usage areas will increase and diversify. 
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For this purpose, the addition of GPLs to SiAlON as a reinforcement material is one of the appropriate 

strategies.   

This study is a continuation of the study [10] investigating the effects of adding four GPLs with different 

properties such as size, thickness, and aspect ratio on the mechanical and tribological properties of the 

SiAlON matrix. In that study, the largest and thinnest GPLs (called GPL4) among the added GPLs provided 

the highest fracture toughness and tribological properties to SiAlON. However, the fact that the commercial 

price of these GPLs (GPL4) with good exfoliation is quite high compared to the others has limited its high-

scale use. In that study, GPLs (called GPL3) with almost the same platelet size as GPL4 but thicker and 

cheaper exhibited a second higher mechanical reinforcement effect following the GPL4. The reason for the 

higher mechanical and tribological contribution of GPL4 to SiAlON compared to GPL3 was their more 

homogeneously dispersion in the matrix microstructure caused by their thinner structure. Therefore, the 

motivation of this study was to investigate whether the reinforcement level of GPL4 could be reached in 

economical ways by making GPL3 thinner/few-layered. The literature survey revealed that sonication, ball 

milling and centrifuge techniques are generally applied alone or in combination for the dispersing or 

thinning the GPL agglomerates [11-14]. However, the implementation of these techniques requires time. 

In this study, the microfluidization technique, a new approach for the dispersing or thinning GPLs, was 

applied as an alternative to traditional techniques. Microfluidization is a technique that provides 

homogenization of particles under the influence of cavitation, shear and impact forces [15]. In the 

microfluidization process, the product loaded into the inlet reservoir is pumped into the interaction chamber, 

including fixed or different geometry microchannels, with the help of constant high pressure [16]. Particles 

exposed to processing in microchannels under the influence of various forces are collected in the outlet 

reservoir. The exfoliation process with microfluidization takes place faster than the sonication, ball milling 

and centrifuge techniques [17]. For the purpose of this study, commercially cheap GPL3 used in the 

previous study [10] were exposed to 1, 2, 4 and 8 cycles of microfluidization processes. All GPLs were 

added to the SiAlON matrix in the same amount and GPLs-SiAlON composites were produced using the 

SPS technique. Scanning electron microscopy (SEM), Raman analyses and the density, hardness, and 

fracture toughness measurements were performed.   

2. MATERIALS AND METHODS 

2.1. PRODUCTION OF THE MATERIALS 

The GPLs (called GPL4 in the previous study) whose few-layered structure is desired to be reached in the 

study are called as GPLRef (Graph. Chem. Ind. Comp.), and the cheap GPLs (called GPL3 in the previous 

study) to be microfluidized are named as C0-GPL (Graph. Chem. Ind. Comp.) during the study. Table 1 

shows the properties of these two GPLs. C0-GPL was firstly dispersed for 1 h using the probe-sonication 

technique (Sonics, 750 Vef). Then, they were exposed to 1, 2, 4 and 8 cycles of microfluidization 

(Microfluidics Corp.) under constant pressure (1590 bar). GPLs prepared in 1, 2, 4 and 8 cycles are named 

as C1-GPL, C2-GPL, C4-GPL and C8-GPL, respectively. Platelet sizes and surface areas of the C0-GPL 

and microfluidized GPLs were measured. Isopropanol was removed from the microfluidized GPLs using a 

rotary evaporator (Heidolph). 

Table 1. The properties of the GPLRef  and C0-GPL [18, 19, 25]. 

GPLs 
Average Size 

 (µm) 
Thickness (nm) Aspect Ratios Purity (%) 

GPLRef 12.62 (5.40-30.45) 0.8-1.2 6,550-25,000 99.8 

C0-GPL 12.22 (5.40-30.15) 5-8 675-3,770 99.9 

 

 

The α-Si3N4 (UBE Industries Ltd., Japan), AlN (Tokuyama, H type, d50: 2-2.4 µm, Japan), Al2O3 (Alcoa-

A16SG), Y2O3 (99,9 % purity, H.C. Starck Berlin, Germany), CaCO3 (Reidel-de Haen, Germany), Sm2O3 
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(99.9 % purity, Stanford Materials Corp., USA), were the powders forming the SiAlON matrix. SiAlON 

matrix composition was composed of 91 % Si3N4 powder and 9 % sintering additives. GPLRef, C0-GPL and 

microfluidized GPLs were added to SiAlON matrix powder at a ratio of 1.5 wt %. Powder mixtures were 

blended with 3 h probe-sonication in an isopropanol medium followed by planetary ball milling (Fritsch, 

Pulverisette) for 1.5 h at 300 rpm. The isopropanol removed from the slurries in a rotary evaporator. The 

SiAlON matrix and GPLs-SiAlON's powders were sintered using SPS (HP 25D, FCT GmbH) at 1800 °C 

with a uniaxial pressure of 50 MPa for 15 min under a vacuum atmosphere following the sieving process 

[18]. The produced samples had a diameter of 20 mm and a thickness of 6 mm. 

2.2. CHARACTERIZATION OF THE MATERIALS 

Due to the uniaxial pressure applied in the SPS causing the most of GPLs to be oriented in the matrix 

microstructure, samples were cut in the direction parallel and perpendicular to the SPS pressing axis. 

Measurements were carried out in the directions through-plane (//, parallel to the SPS pressing axis) and 

in-plane (⊥, perpendicular to the SPS pressing axis). Figure 1 explains measurement directions. 

 

Figure 1. Measurement directions depending on the SPS pressing axis. 

 

The samples were molded with Bakelite and mechanically polished for investigations. The morphological 

secondary electron (SE-SEM) images of GPLRef, C0-GPL and microfluidized GPLs, in-plane direction 

backscatter electron (BSE-SEM) images of the produced samples were obtained in the SEM (Zeiss, SUPRA 

50 VP). In addition, the Raman (WITec, alpha 300) analyses were performed on GPLRef, C0-, C1-, C2, C4- 

and C8-GPLs.  

The bulk density values were measured by using the Archimedes method. Additionally, relative density 

values were calculated based on the volume-based rule of mixtures. For this, the bulk density of SiAlON 

and GPLs used as 3.23 and 2.26 gcm-3, respectively.  

At least ten hardness measurements (Emco-Test) were made on the mechanically polished samples in the 

through-plane and in-plane directions under the conditions of 3 kg load for 10 s dwell time, and their 

average values were used in the study. The fracture toughness values were calculated using the Niihara 

equation [20]. 
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3. RESULTS AND DISCUSSION 

3.1. MICROSTRUCTURE AND DENSITY INVESTIGATIONS 

Figure 2 presents morphological SE-SEM images of GPLRef, non-microfluidized C0-GPL and 1, 2, 4 and 8 

cycles of microfluidized GPLs. Platelet size measurements given elsewhere [19] and morphological images 

were compatible with each other. It was determined that the platelet sizes of GPLRef  (Fig. 2 a) and C0-GPL 

(Fig. 2 b) were close to each other, and the platelet size of  C0-GPL decreased in the range of ~13-65 % as 

the number of microfluidization cycles increased [19]. This revealed that cavitation, shear and impact forces 

in the interaction chamber led to the fragmentation of the GPLs. On the other hand, the surface area values 

of the C0-GPL increased as the applied microfluidization cycles increased (Table 2). Surface area values  

 

Figure 2. Morphological SE-SEM images of the (a) GPLRef, (b) non-microfluidized CO-GPL and (c) 1, 

(d) 2, (e) 4 and (f) 8 cycle of microfluidized GPLs [18].   
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Table 2. The surface area values of the GPLRef ,C0-GPL and microfluidized GPLs [18]. 

 

 

 

 

 

 

higher than that of the GPLRef were obtained after 2 cycles of microfluidization (Table 2). Moreover, it has 

been observed that the microfluidized GPLs have a more uniform size distribution compared to GPLRef and 

C0-GPLs, which have significant size differences. 

Figure 3 and Table 3 present the Raman spectra and the ID/IG ratios of the GPLs, respectively. ID/IG ratios 

were calculated based on the D- and G-band intensities in Raman spectra. In this study, at least ten Raman 

analyses were performed on each GPL, and the average values are used in Table 3. As the number of 

microfluidization cycles increased, the increasing ID/IG ratio (Table 3) showed that the microfluidization 

process led to degradation in the structure of the GPLs [21, 22]. This pointed out that it would be ideal for 

applying a small number of microfluidization cycles to the C0-GPL to achieve the reinforcement level of 

GPLRef. 

The average I2D/IG ratio of the GPLRef  (0.950), as well as the lowest (0.840) and highest (1.000) ratio 

indicated that it contains both multi-layered and few-layered structures [18]. The I2D/IG ratios obtained using 

the Raman spectra of the GPLs were presented in the previous study [19]. According to the average I2D/IG  

 

 

Figure 3. Raman spectra of the GPLRef, non-microfluidized C0-GPL and C1-, C2-, C4- and C8-GPLs 

[18]. 

GPLs Surface Area (m2g-1) 

GPLRef 141.20 

C0-GPL 90.15 

C1-GPL 120.30 

C2-GPL 180.95 

C4-GPL 230.25 

C8-GPL 260.67 
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Table 3. Average ID/IG values calculated by using at least ten Raman measurements from GPLRef, non-

microfluidized GPLs and GPLs microfluidized at 1, 2, 4 and 8 cycles. The values in brackets are 

for the measurements range [18].  

GPLs Average ID/IG 

GPLRef 0.820 (0.590-0.970) 

C0-GPL 0.840 (0.730-0.950) 

C1-GPL 0.850 (0.800-0.955) 

C2-GPL 0.870 (0.820-0.960) 

C4-GPL 0.920 (0.880-0.980) 

C8-GPL 0.960 (0.890-0.987) 

 

value (0.870) of the C0-GPL and its lower (0.770) and upper (0.980) ratio limits, it consists of GPLs that 

are thicker than the GPLRef  [21,22]. As the number of microfluidization cycles applied to C0-GPL 

increased, the increase in the average I2D/IG ratio showed that the GPL agglomerates dispersed, and a part 

of them became thinner (few-layered) structures. However, it was determined that the average ratio value 

of C1-GPL was still lower than the GPLRef [18,19]. This showed that applying 1 cycle of microfluidization 

to C0-GPL was insufficient to achieve the GPLRef's thickness distribution. When 2 cycles of 

microfluidization were applied to C0-GPL, the I2D/IG ratio value (0.960) exceeded that of GPLRef. While 

this increase in I2D/IG ratio value was rapid up to 4 cycles of microfluidization, there was no significant 

difference between the ratios of 4 (0.990) and 8 (0.992) cycles of microfluidized GPLs. When the I2D/IG 

ratios [19] and morphological images (Fig. 2) of the GPLs are evaluated together, it is concluded that the 

microfluidization applied in more than 4 cycles breaks down the GPLs in x- and y- directions rather than 

thinning or dispersing. 

Since the through-plane and in-plane directions microstructures presented in the previous study [10] 

explained the distribution and orientation of SiAlON grains and GPLs, only in-plane direction BSE-SEM 

images of the samples were taken in this study. BSE-SEM images of the SiAlON matrix (a) and SiAlON 

matrix composites containing  1.5 wt % GPLRef (b), C0-GPL (c) and GPLs microfluidized at different cycles 

(d-g) are given in Figure 4. The predominantly distribution of the α-SiAlON and basal planes of β-SiAlON 

grains in the in-plane direction microstructures  indicated that some of the elongated surfaces of the β-

SiAlON grains were oriented perpendicular to the SPS pressing axis (Fig. 4 a). In addition, it has been 

observed that α-, β-SiAlONs and liquid phase are homogeneously dispersed without porosity in the 

microstructure of SiAlON matrix. Microstructures of composites containing GPLRef and C0-GPL also 

showed that C0-GPL was thicker than GPLRef, which supported the Raman analysis. As a result, C0-GPLs 

(Fig. 4 c) have formed GPL clusters and GPL-poor regions in the matrix microstructure, resulting in less 

homogeneous distribution than GPLRef  (Fig. 4 b).  

While the platelet size reduction of C0-GPL with the microfluidization process was slightly evident up to 

2 cycles, it became very pronounced after 4 cycles. It has been observed that the distribution of C1-GPL in 

the matrix microstructure was more homogeneous than that of C0-GPL, and became almost similar to the 

distribution of GPLsRef. However, microstructures also showed that C1-GPLs still contained thicker GPLs 

than GPLRef, as noted in Raman analyses [19]. The size distributions of  C2-GPLs were more uniform than 

GPLRef, C0-GPL, and C1-GPL. Additionally, C2-GPL's distribution in the matrix microstructure was also 

more homogeneous than those of GPLRef, C0-GPL, and C1-GPL. The reduction in the size of the C4-GPL 

and C8-GPLs was quite distinct when compared to the C2-GPL. However, there was no significant 

difference between the distributions of the C2-GPL, C4-GPL and C8-GPL in the matrix microstructure. In 

addition to all these, there was no porosity in the microstructures of all GPL-SiAlON composites as in  
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Figure 4. In-plane direction (⊥) BSE-SEM images of the (a) SiAlON matrix and SiAlON matrix 

composites containing 1.5 wt % (b) GPLRef, (c) C0-, (d) C1-, (e) C2-, (f) C4- and (g) C8-GPLs [10,18]. 
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SiAlON matrix. BSE-SEM images taken in the in-plane direction indicated that the most of GPLs oriented 

in the SiAlON matrix microstructure with their basal planes perpendicular to the SPS pressing axis. 

Table 4 shows the bulk and relative density values of the SiAlON matrix and GPLs-SiAlON composites. 

The relative density of the SiAlON matrix was accepted as 100 % as no porosity was found in its 

microstructure (Fig. 4 a). However, the bulk density of the SiAlON matrix decreased slightly by ~ 1 % with 

the addition of 1.5 wt % GPLs. The porosities caused by elastic modulus/thermal expansion coefficient 

mismatches between GPLs and SiAlON and the lower density of GPLs compared to the SiAlON matrix 

may be the reason for this decline. However, the relative densities higher than 99 % and microstructures of 

GPL-SiAlON composites indicated that they are highly dense materials. 

 

Table 4. Bulk and relative density values of the SiAlON matrix and SiAlON matrix composites containing 

1.5 wt %  GPLRef, C0-, C1-, C2-, C4- and C8-GPLs [18]. 

Materials 
Bulk Density 

(gcm-3) 

Relative Density 

(%) 

SiAlON 3.240 100.00 

GPLRef/S 3.200 99.50 

C0-GPL/S 3.210 99.50 

C1-GPL/S 3.215 99.70 

C2-GPL/S 3.218 99.80 

C4-GPL/S 3.211 99.56 

C8-GPL/S 3.195 99.10 

 

3.2. MECHANICAL PROPERTIES 

Figure 5 shows the (a) hardness and (b) fracture toughness values of SiAlON matrix and SiAlON matrix 

composites containing GPLRef, C0-, C1-, C2-, C4- and C8-GPL in the through-plane and in-plane directions. 

The hardness value of SiAlON matrix in the through-plane direction  was ~ 8 % higher than the in-plane 

direction hardness value. This result is consistent with the results obtained by Santos et al. [23], who 

measured the hardness values of hot pressed Si3N4 ceramics. The authors [23], who achieved weak 

orientation in their studies, found the hardness value of 16.30 GPa on the surface (c-axis) parallel to the 

elongated surfaces of the β-Si3N4 grains, while it has found 15.90 GPa on the perpendicular surface (a, b 

axis). On the other hand, the fact that the hardness value in the through-plane direction of GPLs-SiAlON 

composites was slightly higher than the values in the in-plane direction and this difference was lower than 

that of the SiAlON matrix indicated almost isotropic hardness behavior. 

The hardness of the SiAlON matrix decreased by about 15 % with the addition of 1.5 wt % GPLs. One of 

the main reasons for this decrease in hardness is that GPLs have a lower hardness value than SiAlON. In 

addition, the tendency of GPLs to agglomerate and, in this case, the weak interfacial bonds with SiAlON 

grains are the parameters that negatively affect the hardness values. 

The fracture toughness of the SiAlON matrix in the through-plane direction was ~ 5 % higher than in the 

in-plane direction. This can be attributed to the lying of the elongated surfaces of β-SiAlON grains in this 

plane perpendicular to the through-plane direction. On the other hand, with the addition of GPLRef, the 

fracture toughness values of the SiAlON matrix in the in-plane and through-plane directions improved by 

about 24 and 6 %, respectively. Further, the addition of C0-GPL improved the fracture toughness values of 

the SiAlON matrix by ~20 and 4 % in the in-plane and through-plane directions, respectively. It was 

observed that the in-plane and through-plane directions toughness values of SiAlON matrix increased by ~ 
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22, 28, 14 and 6 %, and by ~ 6, 14, 7 and 0.7 % with the addition of C1-, C2-, C4- and C8-GPLs, 

respectively. Among the microfluidized GPLs, C2-GPL increased the fracture toughness of the SiAlON 

matrix the most in both directions. In the composites containing microfluidized GPLs, the fracture 

toughness increased up to 2 cycles and decreased as cycle numbers increased (Fig. 5 b). Since C2-GPL is  

 

Figure 5. (a) Hardness and (b) fracture toughness values of the SiAlON matrix and SiAlON matrix 

composites containing 1.5 wt % GPLRef, C0-, C1-, C2-, C4-, C8-GPLs in the through-plane (//) and in-

plane (⊥) directions [18]. 

 

thinner than C0-GPL and C1-GPL, their more homogeneous distribution in the matrix microstructure 

ensures that the fracture toughness of the composite containing C2-GPL is higher than the others. When 
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GPLs are homogeneously dispersed in the matrix, the crack encounters more GPLs as it progresses. The 

realization of more toughening mechanisms such as crack deflection and bridging (Fig. 6) positively affects 

fracture toughness [14]. On the other hand, although the dispersion levels of C2-GPL, C4-GPL, and C8-

GPL were almost similar in the SiAlON matrix, C2-GPL had the highest fracture toughness performance, 

indicating the positive effect of large platelet size. Larger GPLs delay crack propagation more than smaller 

ones [10, 24]. 

It was also observed that the fracture toughness of the composite containing C2-GPL was higher than those 

containing GPLRef in both directions. The most obvious reason for this was that C2-GPLs were more 

homogeneously dispersed in the matrix microstructure, due to the fact that they contained thinner GPLs 

than GPLRef. Although the size of C2-GPL is ~ 25 % smaller than GPLRef, this difference in platelet size 

did not adversely affect the fracture toughness performance it provides to SiAlON. Another reason why the 

fracture toughness of SiAlON containing C2-GPL was higher than that containing GPLRef was that it had a 

more uniform platelet size distribution.  

 

 

Figure 6. Toughening mechanisms took place along a portion of a representative crack in the SiAlON 

matrix composite containing C2-GPL in the in-plane (⊥) direction. 

Following the determination that SiAlON containing 1.5 wt % C2-GPL has the highest fracture toughness, 

SiAlON matrix composites containing 0.5 and 1 wt % C2-GPL were produced to investigate whether the 

fracture toughness could be further increased without affecting the hardness of SiAlON. Figure 7 shows the 

fracture toughness behavior of SiAlON composites containing 0.5, 1 and 1.5 wt % C2-GPL. The fracture 

toughness values of SiAlON in the in-plane and through-plane directions increased by ~13, 36 % and ~ 5 , 

25 %, with the addition of 0.5 and 1 wt % C2-GPLs, respectively. C2-GPL/SiAlON composites had the 

highest fracture toughness value among themselves at 1 wt %  C2-GPL content. In the previous study [10], 

when 1 wt % GPLRef  was added to SiAlON, the highest toughness value was reached, and a toughness 

increase of ~33 and 21 % in the in-plane and through-plane directions, respectively. The addition of C2-

GPL increased the toughness value of SiAlON more than GPLRef in both directions.  

The fracture toughness values of all GPL-SiAlON composites were higher in the in-plane direction than in 

the through-plane direction due to the orientation of the GPLs in the matrix microstructuresf (Fig. 5 b). 

However, this difference has decreased as the platelet sizes of the GPLs have decreased. This can be 

explained by the decreasing tendency of the GPLs to orient in the matrix microstructure as the platelet sizes 

get smaller [10]. 
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Figure 7. Through-plane and in-plane directions fracture toughness values of SiAlON matrix composites 

containing 0.5, 1 and 1.5 wt % C2-GPL [18]. 

 

4. CONCLUSION 

In this study, it was investigated whether the mechanical reinforcement performance of GPLRef, which is 

commercially expensive as a result of its good exfoliation and has been found to improve the fracture 

toughness of SiAlON significantly, can be achieved economically. For this, it was aimed to thin the C0-

GPL, which has the same platelet size as GPLRef but is thicker and cheaper, to provide homogeneous 

dispersion at the same level as GPLRef in the matrix microstructure. A new approach, the microfluidization 

technique, was used for the thinning/dispersion of C0-GPL. Among the SiAlON matrix composites 

containing 1 (C1-GPL), 2 (C2-GPL), 4 (C4-GPL) and 8 (C8-GPL) cycles of microfluidized GPLs, the 

fracture toughness values of the SiAlON containing C2-GPL were found to be higher than those containing 

GPLRef. This was because, by applying 2 cycles of microfluidization to C0-GPL, GPLs thinner than GPLRef 

could be obtained, resulting in a more homogeneous distribution in the matrix microstructure. Another 

reason for this was partially preserving the platelet size of the C0-GPL with 2 cycles of microfluidization.  
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