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1. Introduction
TaB; as a transition metal boride which belongs to ultra-high temperature ceramics have widespread
high-performance applications due to their attractive combination of properties such as hightmelting
point (3200°C), high hardness (>24 GPa), good corrosion resistance, excellent electrical and.thermal
conductivity, optical properties and other high temperature mechanical properties [1, 2]. Due to these
properties, TaB: ceramics have received a great deal of potential owing to their applications inthermal
potential components for the aerospace industry, absorber for solar energy systems and refractory
crucibles [3-6]. Only a few types of research have been carried out so far to tantalum diboride based

materials, as extensively as other borides, though its excellent properties and potential application areas.

Although TaB; have outstanding properties, its poor oxidation resistance and low mechanical properties
restrict its usage in the monolithic form at higher temperatures (>1200°C). Considering the potential
application areas, especially improved fracture toughness and oxidation resistance properties play an
integral role. In order to these, the addition of Si-based compositions (MoSi,, TaSi», SiC, etc.) is the
most widely used as secondary phase [7-10]. Further, different nanoscale carbon forms like carbon
nanotubes (CNTs), graphene nanoplatelet (GNPs) addition is, also prefered to improve fracture
toughness of this material in recent years. Especially, graphene-based materials have more attention for
the reinforcement of ceramics, due to their extraordinary thermal, electrical and mechanical properties

[11-30]

Graphene is well known two-dimensional (2D) material which is an allotrope of carbon consisting of a
single layer of strong in-plane covalent bonds between adjacent carbon atoms. Excellent high fracture
strength (125 GPa), high young modulus (1 TPa), superior thermal conductivity (5000 W/mK)
properties, it is considered to be a popular candidate material as the second phase of ceramic matrix
composites. Recently, there were rﬁny studies are obtained to focus on the addition of Graphene
Platelets (GPL) in the ceramic matrix composites such as AIN [15-17] Al,Os3[19, 20], SizN4 [21-25],
SiAION [26]. Although/GPL reinforced UHTC composites have recently studied due to the expected
benefits -of GNP’ remarkable properties [27-30] there are very few comprehensively investigations on
the effect of GNP additives to enhance densification behavior andmechanical properties of UHTC
composites. Govindaraajan ct. all [27] stated that densification behavior of spark plasma sintered ZrB.-
based ceramics was enhanced with the addition of 2-6%vol graphene. They stated that crack deflection
and crack bridging were the main toughening mechanisms to achieve higher fracture toughness values.
Another graphene reinforced ZrB;-based ceramics study was carried out by Asl and Kakroudi with using
hot/pressing technique [28]. They stated that Vicker hardness and indentation fracture toughness values
for the,S wt% graphene platelets reinforced hot-pressed sample over the monolithic ZrB,-25 vol% SiC
composite was increased up 30% and 250%, respectively. In addition to crack bridging and crack

deflection, graphene nano-platelets wrapping and pull out were also observed as a toughening
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mechanism. Akin and Kaya [29] fabricated TiB», TiB,- SiC and TiB,-SiC-GNP composites by using
spark plasma sintering method in order to investigate the effects of binary and ternary composition

different GPLs content on the density and mechanical properties of composites.

The density of TiB»-SiC and TiB,-SiC-GNP composites were calculated slightly higher in comparison
to monolithic TiB,. Although the fracture toughness of TiB, and TiB-SiC composites showed an
increasing tendency with the addition of 1, 3 and 5% GNPs. The maximum fracture toughness obtained
with the addition of 5% GNP which was calculated 6.4+0.4 MPa.m'?. While fractlire. toughness values
raised with increasing GNP amount up to 5%, it decreased with the addition of 7% and 10% GNP owing
to the weak interfaces between the GNPs and matrix grains. Recently, Burak et all. [30] investigated the
effects of GNPs addition between 0.5 and 9 vol% on the fracture toughness of spark plasma sintered
ZrC-TiC-GNP composites. They remarked that almost full dense ZrC=TiC-GNP composite and higher
fracture toughness value were obtained with the addition of 3 vol% GNP. Addition of more than 3%vol
GNP, density and mechanical properties of composites weredecreased owing to the graphene
agglomeration. All these results are convenient with not only for GNP:.reinforced UHTC ceramics but
also GNP-reinforced ceramics like Si3N4, Al,O3, SIAION,-AIN[15-26].

Although graphene addition enhances the dénsification and’ mechanical properties clustering of
individual GNP’s plays an important role affecting the density and properties of formed composites.
GNPs were generally homogenized with milling [18,20-22] sonication and ultrasonication [16, 23-25]
techniques with/without mixing with other,composite powders in the literature. However, these
techniques were found to be insufficient to break the weak Wan der Waals bonds between platelets and
provide less clustered GNP’s. Different, from sonication and ultrasonication recently, exfoliation
techniques such sonication-microfluidization [26] was investigated and reported that this process was
more effective for the exfoliation of GNP’S. It was also remarked that smaller matrix grain size was
obtained in the microstructure /due to smaller platelet sizes and much narrower GNP thickness

distribution.

Microfluidization £echnique which was also used firstly for hexagonal boron nitride exfoliation [31]
generates extremely high pressures (up to 207 MPa). This high pressure is utilized to accelerate the
liquid product into the interaction chamber with the high velocities (up to 500 m/s). constant high
pressure /and higher velocities, the energy was converted more efficiently into shear and impact

forcewhich leads to achieve reduction in nano-particle size and narrow particle size distribution. .

Considering the literature , the homogeneous dispersion of GNPs into the matrix has an important role
to produce composites with improved properties. In this purpose, the original aspect of this study was

to investigate the effects of GNP addition on the densification, microstructural and mechanical
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properties of spark plasma sintered TaB,-20vol%SiC. According to the literature results, exfoliation of
GNP’s was prepared with the microfluidization-sonication process. The results of this study can make
new contributions to the current literature as the first results of a novel process which allows the
production of homogeneously distributed GNP’s reinforced UHTC composites thanks_to the

microfluidization-sonication process.

2. Materials and Methods

2.1.Powder Preparation and Sintering Parameters

The composition was prepared by using as-synthesized TaB; [32] and 20 vol %SiC (HC-Starck Grade
UF-15) and graphene nanoplatelets (GNPs) (Graphene Chemical Industries Company, 99.9% purity,
120-150 m*/g specific surface area, 5-8 nm thickness, 5 pm average particle diameter). TaB,-SiC
composites were mixed in a polythene bottle for 24h with using Si3N4 balls‘as,milling medium. In order

to break agglomerates, powder mixture sieved under 100 um.

GNP was homogenized with microfluidization-sonication» combined techniques. Before the
microfluidization, tip sonication (Sonics, 750 Vef) was'applied for #5 min with 16 s vibration and 25 s
standby at the 20 kHz frequency and 40% of amplitude condition. Liquid to GNP ratio of the slurry was
selected as 400:1 (ml:g) for sonication process. Sonicated slurry was homogenized with high-pressure
microfluidizer (Microfluidics Corp.) at a constant intensifier pump pressure of 207 MPa. To investigate
the efficiency of microfluidization process after 4 cycle GNPs were investigated by scanning electron
microscope (Zeiss, SUPRA 50 VP): Exfoliated GNP’s were obtained after 16 cycle in microfluidization

process. Detailed results were explained in results and discussion part.

After the microfluidization progess 1,3 and5 wt % of GNPs were mixed with TaB,-SiC composite with
sonication process for 1 h. During the sonication 0.5 wt % sodium dodecyl sulfate (SDS) was added as
an anionic surfactant to prevent the agglomeration of the exfoliated GNPs. Then the powders were
mixed in a planetaryball mill" (Pulverisette, P6, Fritsch) in 2-propanol using Si3N4 grinding media at
450 rpm for 90 minvand dried in a rotary evaporator (Heidolph) at 60°C. To break up agglomerates; the
powders were sieved under100 um. Sintering of composites was carried out in an SPS furnace (HPD-
50, FCT GmbH, Germany) at 1850°C under a uniaxial pressure of 50 MPa for 10 min. The heating rate
was 100%C/min. The powders were put into a graphite die 20 mm in diameter and the die was covered
with a graphite blanket for preventing heat loss. The temperature was increased with a controlled electric
current and measured on the graphite die surface with an optical pyrometer. In order to evaluate the
effects,of GNPs addition on the densification, microstructural and mechanical properties, TaB,-20%vol

SiC composites without GNP addition were also produced in the same conditions.
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2.2.Tests and Characterization
After removing the surface layer from the SPS samples by grinding, the bulk densities were determined
by using the Archimedes method. In order to determine the relative density values, all the theoretical
values for TaB,-20%vol SiC-GNP composites were calculated from the volume-based rule of mixtures.
The bulk densities of TaB, and SiC are accepted as 12.6 g.cm > and 3.2 g.cm°, respectively. The density
of GNPs was taken as 2.26 g cm . For the microstructural investigation a scanning électron mieroscope
(Zeiss-SUPRA 50 VP) attached with energy-dispersive x-ray spectroscopy (EDS, Oxford Instruments-
INCA Energy) was used. Phase analysis of sintered samples was achieved by using X-ray diffraction
(XRD, Rigaku-Miniflex 600) technique. XRD measurements were carried out between 20:and 80° (20)
under the conditions of 40 kV accelerating voltage, 15 mA current, 1°/min scan speed and 0.02 step

size. ~

The Raman spectroscopy (WITec, alpha 300) was utilized in order to determine exfoliated GNP’s and

sintered composites. The working conditions were 2 mW and 25,data were eollected for each second.

The hardness of TaB,-SiC and TaB,-SiC-GNP compositessweresmeasured by applying 10 kg load for
3s with Vickers indenter (Emco-Test). Five indentations performed for each surface and average values
were calculated for statistical results. After Vickers indentations, crack lengths were measured, and

fracture toughness values were calculated radial cracks formed during the indentation test [33].

3. Results and Discussion

3.1.Morphology of Microfludized GNPs
The SE-SEM images of untreated GNPs and GNP’s prepared by using sonication and microfludization
process with 4,8,12,16 times repetition were shown in Figure 1. Untreated GNP exhibited non-
homogeneous distribution and graalene platelets clusters which were shown in Fig 1.a. Partial
exfoliation of GNP’s was obsetved after the 4-times and 8-times repetition of microfluidization
technique (Fig 1.b and/l.¢). On the other hand a partial agglomeration was still observed in both
micrographs. After 12 times repetition GNP’s were more homogenized (Fig 1.d). When the repetition
time increased to 16; it was clear that GNP’s were much smaller and thinner. Considering these results,
microfluidization process with 16 times repetition was found to be successful in terms of exfoliating and

homogeneously distribute GNPs which also resulted size reduction.

3.2. Microstructure of Produced Samples
The bulk andirelative density values of TaB,-SiC and GNP reinforced TaB,-SiC composites were given
in Table 1. The bulk density of TaB,-SiC was calculated as 10.35 g/cm® which was approximately 97%
of the theoretical limit for SPS’ed TaB,-SiC composites. The relative density of 1 wt % GNPs reinforced
TaB:-SiC is 96.47% (10.33 g/cm?) and the density slight decreased further as GNPs content increased
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Figure 1. SE-SEM images showing the morphology of a) Untreated b) 4-times repetition c) 8-times

repetition d) 12-times repetition and e) 16 times repetition GNPs with microfludizing technique.

to 3 and 5 wt%. GNPs have a tendency of agglomerate with the increasing amount in the composites.
The flexibility/of the GNPs reduced by agglomeration and this could led to the formation of porosities
at the interfaces between GNPs and TaB; and SiC grains. Additionally, mismatch of thermal expansion
coefficient between matrix and layered solids like graphene caused to crack of graphene layered and
lead to:the formation of porosities, so it could be another reason for obtaining lower density values. The
decreasing density values of GNP reinforced composites was agreeable with the literature [16, 18, 21,

22, 24)26].
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Table 1. Bulk and relative density of SPS’ed TaB,-SiC and TaB,-SiC matrix

composites containing different amount of GNP

Sample GNP content Bulk Density Relative Dengity
(Wto) (g.cm™) (%)
TaB,-SiC 0 10.35 96.55
TaB,-SiC-1GNP 1 10.33 96.47
TaB,-SiC-3GNP 3 10.27 96.10
TaB,-SiC-5GNP 5 10.23 9588
~

The comparison of SE-SEM images taken from the fracture surface of/FaB»-SiC composites containing
without and with 1, 3, 5 wt% GNPs was depicted in Figure 2. In all images; dark grey colored grains
correspond to SiC, while the grains in light grey color illustrates TaB> grains /White-colored grains were
also observed which are correspond to TaC grains. Observation of TaC grains was related to the C
diffusion from the graphite crucible during the heat treatment,process which was explained in our
previous study [32]. It was clearly observed that the distribution'ef¥SiC particles and GNP’s were not
well-distributed in the microstructure which shown with yellow rectangular in Figure 2.a. Density
difference between TaB,, SiC and graphene particlesilead to the segregation of particles during the
mixing process. Depending on the non-homogeneous distribution of particles, local sintered regions
were observed in the especially GNP added samples. Inhomogeneous distribution of the additives in the
matrix due to the segregation of, particles wasnin agreement with related studies [34, 35]. As
demonstrated in high magnification.SEM micrographs (Figure 2.b), SiC was observed to locate in
multiple grain interfaces, which inhibited TaBy'grain growth by pinning effect [36-38]. The appearance
of GNP standing out from thedfracture surfaces of the composites showed that GNPs formed network
structures, despite the non-uniform distribution in the matrix. The GNPs wrapped around the matrix
grains and conformed to the shapes of TaB,, SiC, and TaC grain boundaries. Wrapped of graphene
resulted in the formation of a finer microstructure due to the grain boundary movement induced by the
GNPs during sintering. Besides the wrapped of GNPs, pulled-out (Figure 2.d.,f.,h.), overlapped (Figure
2.h.) and agglomerated (Figure 2.g.) GNPs and the separation of the matrix grains were clearly observed,
especially at high concentrations of GNP (Figure 2.e.f.g.h.). It was also seen that intergranular fracture
mode was predominant in the matrix grains. It was concluded with related studies [29, 39, 40] wrapping
of GNP was positively affected for the strengthening of the composite. Another remarkable point in the
SEM images. that the size of TaB,-SiC matrix grains decreased with the addition of GNP’s since the
GNP inhibited the grain growth of the TaB, and SiC grains during sintering. This result was also in

agreement with the related studies [26].
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om micro fluidized GNPs and also composites containing 1, 3 and 5
in Table 2 and Figure 3. The characteristic peaks of graphene in Raman
ound D, G and 2D bands at approximately 1350, 1580 and 2700 cm™' Raman shift.
ponding to G peaks were attributed to stretching of the C-C bond in graphitic materials
common to all sp* carbon systems. D band was called as disorder or defects bands which
ere not observed in the perfect sp® carbon systems. In addition, the 2D peak was named as the second

er peak and caused by the double resonant Raman scattering with two-phonon emission [41,
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42]. Although shifting of the energy level of peaks, the single and sharp shape of characteristic peaks of
GNPs were observed for the micro fluidized GNP. Changing the energy level of GNPs characteristic
peaks were the results of increasing the number of graphene layers. With the formation of composite
forms, peak broadening and decreasing of intensity exhibited, especially 2D-band peak. Also, it was
clearly observed that 2D peak shifted to lower energy level, while D and G peaks shifted to the higher
energy level in GNP added composites.

Table 2. Average l,p/Ig and Ip/Ig calculated by using at least five Raman measurement.

Sample Average DLp/lg Average Ip/lg
GNPs 0,751 \0,491
TaB,-SiC-1GNP 1,019 0,847
TaB,-SiC-3GNP 1,085 0,832
TaB,-SiC-5GNP 1,083 0,829
D f 4
2D
d) / \y340 1569
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Figure 2. Ramanspectra obtained from a) microfludized GNPs, b) TaB,-SiC-1GNP, c¢) TaB,-SiC-

3GNP and d) TaB,-SiC-5GNP

Changing of position and decreasing of intensities of characteristic peaks were explained with density
of defects during sintering process [26, 27, 43], uniaxial strain and residual thermal stresses during the
coolingsstep[43] changing of the graphene layer amount and doping effect on the GNPs [27, 43].
Especially, doping of GNP with B atoms was the possible reason for the lower shift of 2D band which
were reported in previous studies [27, 44]. Besides the doping effect of GNPs, a lower shift in the 2D

band.can be implied that the decreasing number of graphene layers[45]. As a matter of fact, the ratio of
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Ip/lg peak intensities has been commonly used the number of graphene layer [41, 42]. In the current
study, at least five measurements were carried out for each sample and the average values of maximum
peak intensity were determined (Table 2). For single-layer graphene, the intensity ratio Lp/lg was
calculated as 2 [46]. The average Lp/Ig ratio of micro fluidized GNPs was 0.751 so it indicated the
multilayer graphene structure. Meanwhile, in the GNP added composites the average value of Ip/lg
increased up to 1.085 which showed that thickness of some GNPs reduced. On thefother hand;.a slight
decrease in the Lp/lg ratio was achieved at the 5 wt% GNP added composite. This.decrease could be
explained due to the tendency of agglomeration of GNPs during powder prepdration and sintering

process.

Peak intensity of D band in the sintered composites was increased compared with~the micro fluidized
GNPs. (Fig 3.b.c.d.). The increased peak intensity was interpreted asta result of increasing defects or
disorders in the crystal structure of GNPs. In order to determine the density of defects in graphene-based
materials, measurement of the Ip/l ratio was one of the basic methods)[47]./The average Ip/Ig ratio of

the micro fluidized GNPs calculated as 0.491. This value increased up,to 0.847 in the composite form
of the formed samples. It was explained with the interfacial reaction between GNPs and TaB,-SiC matrix
at a higher sintering temperature (1850°C) in SPS which were supported with relevant literature [27,
48]. Takai et all.[48] reported that the average crystallite size of nanocrystalline graphite increased with
the applied high sintering temperature (>1600°C).\In light of this result, Yadhukulakrishnan et all.[27]
showed the analyzed the Ip/Ig ratio of sintered GNPs which was close to zero close to crystalline
graphite. Also, the density of defects or disorders scaled inversely with the concentration of GNPs in
the composite forms. The value of In/Ig was calculated as 0.847 for 1 wt% GNP reinforced TaB,-SiC
composite, which was slightly higherthan 3 and 5 wt% GNP reinforced TaB,-SiC composite. One
possible reason was decreased agglomeration and more homogeneously distributed GNPs in the matrix,
so more surface interaction betweenélrbon and TaB,-SiC was provided. Yadhukulakrishnan et all. [27]
also explained this result with the higher multiplication of GNPS, due to the exfoliation at lower GNP
amount, but achieved results were very close to each other so, higher multiplications was not considered

to be a high possibility.

XRD patterns obtained from the SPS’ed TaB,-SiC and TaB,-SiC matrix composites containing 1, 3 and
5 wt% GNPs were illustrated in Figure 4. According to the results, TaB, and TaC existed as a major
crystalline phase. Remarkable point in this figure, intensity of TaC peak was increased with the addition
of GNPs. As mentioned before, TaC formation was explained with the C diffusion from graphite
crucible during the synthesis and sintering of TaB; [32]. In addition, interaction between GNPs and
TaB> was thought to be another reason for the formation of TaC. Table 3 showed that the Rietveld
analysis results based on the XRD patterns of TaB,-SiC, TaB,-SiC-1GNP, TaB,-SiC-3GNP and TaB,-
SiC-5GNP samples. Considering the calculated values, interaction between GNPs and TaB; is the
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another possible reaction for the formation of TaC, With the addition of %1 wt GNPs in the TaB,-SiC
composite, amount of TaC increased from 8.82 wt% to 13.65, while amount of TaB, decreased from
89.75 wt% to 84.91 wt%. It was observed that decrease in the amount of TaB; continued with inereasing
of GNPs ratio. In addition to the decrease for TaB, amount, a decrease in the amount of TaC was

observed. This may be explain that a portion of graphene interacts with the TaB, and formed TaC.
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Figure 4. XRD patterns obtained from SPS’ed a)TaB»-SiC b) TaB,-SiC-1GNP c) TaB,-SiC-
3GNP d) TaB>-SiC-5GNP

Table 3. Rietveld analysis results based on the XRD patterns of TaB,-SiC, TaB,-SiC-1GNP,
TaB,-SiC-3GNP and TaB,-SiC-5GNP samples.

Sample TaB, (Wi%)~ TaC (wt%) SiC (wi%) GNP (wt%)
TaB,-SiC 89.75 + 122 8.82 +0.39 1.43 £0.32 0
TaB,-SiC-IGNP  84.91 + 1175 13.65 +0.98 1.44 +0.43 0

TaB,-SiC-3GNP  784:04 £11:78 12.94 +0.28 1.43 +0.43 1.59 +0.22

TaB,-SiC-5GNPYy . 83.32 & 1.24 12.18 +0.55 1.44 +0.22 3.06 +0.34

The patterns of SiC and graphene were not distinguishable due to the very small quantities base on the
mass ratio of SiC and graphene in the total mass amount. In order to detect the existence of these phases,
XRD analysis between 25-45° 20 angle range were given in Figure 5. According to the magnified view
of XRD, patterns, SiC phases were clearly seen for all samples at 20 of 35.5°. Graphene peak was

observed at the 26.4° 20 for the TaB,-SiC composites containing 3% wt and 5%wt graphenes whereas
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this peak did not arise in the XRD spectra for containing 1% wt graphene composite (Figure 5.b.) It was
considered that the quantity of graphene in the matrix was inadequate for the detectable limit for XRD
spectra. In addition, it could be clearly observed that The GNPs peak intensity was increaséd.as the

content of GNPs in the composites was increased from 3 to 5%.
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v sic * TaC
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Figure 5. XRD patterns obtained from SPS’ed a)TaB-SiC/ b) TaB,-SiC-1GNP c) TaB,-SiC-
3GNP d) TaB,-SiC-5GNP between 25-45°.

3.3.Mechanical Properties
Hardness and fracture toughness of'the TaB,-SiC and TaB,-SiC-GNPs composites were given in Table
4 and plotted in Figure 6 as a function of GNP content. The average hardness of the sintered TaB,-SiC
with a relative density of ~ 97% was~19.38GPa. The hardness decreased from ~19.38 GPa to ~17.63,
~16.66 and 14.81 GPa with the addi;)n of 1,3, and 5 wt% GNP, respectively. The decrease in hardness
could be attributed to the nature of graphene having low hardness. Moreover, it was also explained by
non-uniform GNP distribution, overlapped and agglomerated of GNPs in the microstructure. This type
of GNP defects caused to form a network with a weaker reinforcement effect. In addition the formation
of residual stresses in'the microstructure due to the thermal expansion coefficient mismatch between
GNP, TaB; and SiC grains lead the formation of pull out which caused a decrease in hardness. Also,
mechanical polishing could lead to pull-out defects on graphene-like layered particles in the metal and
ceramic matrix, so'weakly bonded GNP’s and SiC particles in the TaB; matrix could be a reason for

decreasing hardness [49].
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Figure 6. Changing in the hardness and fracture toughness valuessof sintered composites containing GNPs.

Table 4. Hardness and Fracture toughness of SPS’ed TaB,-SiCiand TaB,-SiC matrix composites

containing different amount of GNP

GNP content Hardness (HV10) F.Toughness
Sample
(Wt%) (GPa) (MPa.m'?)
TaB,-SiC 0 19.38 £0.55 4.06+0.11
TaB,-SiC-1GNP 1 17.63 £0.20 5.70 £0.07
TaB,-SiC-3GNP 3 16.66 £ 0.31 6.20 £ 0.31
TaB,-SiC-5GNP \5 14.81 £0.50 5.87£0.30

In order to measure fracture.toughness values, indentation method as widely preferred for composites
was used although‘it could not be an accurate measurement technique. The fracture toughness of TaB:-
SiC composite/was ~ 4.06.MPa.m'"? which was comparable with the TaB,-based composites in the
literature[8, 10]..With the addition of 1 wt% GNP, fracture toughness value of TaB,-SiC composites
increased by ~ 29%. Moreover 3 wt% GNP addition increased the fracture toughness of composite
~35%10,6.20. MPa.m'2. The TaB,-SiC composite containing 3% wt GNP exhibited the highest fracture
toughness value among the measured composites as shown in Figure 6. Fracture toughness value of 5
wt% GNP-added sample decreased to ~ 5.87 MPa.m'?. Although toughness value decreased from 3 to

5 wt%, GNP addition, it was still higher ~31% in comparison to TaB,-SiC composite. The decrease in
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fracture toughness was attributed to the weak interfacial bonding between matrix and GNP when the

GNP content was higher than 3 wt%.

.:. 1_ur:| v

Figure 7. Crack path formed by Vicker indentation in the TaB,-SiC-3GNP composite.

The crack path created by the Vickers indentation tests for TaB,-SiC-3GNP composite was illustrated
in Figure 7. It was clearly shown that crack propagation exhibited a mixed-mode from transgranular to
transgranular/intergranular fracture. Crack branching at the.beginning of the crack and also deflection
and bridging were observed as effective toughening mechanisms du€ to releasing the stress of the crack
tip. The cohesive strength between the matrix and GNP, amount and distribution of GNP in the matrix

rose to prominence for improving mechanical properties of formed composites.

4. Conlusions
In this research, the effect of GNP addition on the TaB,-SiC composites on enhancement of
microstructural evaluation and mechanical properties were investigated experimentally. The following
were the conclusion drawn;
N

e ]6-times repetition withdmicrofluidization technique was more successful that other conditions
for the exfoliation,of GNPs.

e Density and'hardness of formed composites slightly decreased with the increasing of GNPs
due to the inhomogeneous distribution of GNPs in the microstructure.

e Contrary to density and hardness, fracture toughness of formed composites increased with the
addition/of GNPs. Addition of 3 wt% GNP showed optimum density, hardness and fracture
toughness values.

o __The crack path created by the Vickers indentation showed that crack branching, deflection,

andibridging were the main toughnening mechanisms.
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