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Abstract

Mechanical properties and microstructure of graphene platelets reinforced Si;N, composites have been in-
vestigated and compared to monolithic Si;N,. The microstructure shows that graphene platelets are parallel
to each other and perpendicular to the hot pressing direction. Fracture toughness and flexural strength of
composite with 1 wt.% graphene measured on polished surface perpendicular to hot pressing direction are
8.7 MPa-m'? and 892 MPa, respectively, which are increased about 14.5% and 20.2% compared with that par-
allel to hot pressing direction. The anisotropy of microstructure and mechanical properties of composites can
be explained by the intrinsic anisotropy of graphene as well as the crack deflection energy release rate and the
weak boundary bonding between graphene and Si;N, caused by the thermal expansion mismatch.
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I. Introduction est dimension has the highest value of fracture tough-
ness. The fracture toughness of Si;N, can be improved
with graphene as filler [5—7]. Moreover, the addition of
graphene can enhance the tribological performance and
electrical conductivity of Si;N, based materials [8,9].
As it is well known, the composition and microstruc-
ture can greatly influence the mechanical properties
of ceramic materials. The microstructure of ceramics
depends on the processing method. Thus, in compar-
ison to pressureless sintering, pressure sintering can
result in higher density of ceramic materials. As for
a two-dimensional sheet structure, however, graphene
presents an orientation distribution paralleled with each
other in ceramic composition under the pressure sin-
tering [10,11]. It was found that the Young’s mod-

During the last few years, graphene and the compos-
ites reinforced with graphene have been developed and
a great number of articles have been published concern-
ing the improved fracture toughness of those composites
[1,2]. Ceramic materials, such as silicon nitride and alu-
mina, have attracted tremendous attention due to their
extreme hardness, superior wear resistance and good
thermal stability. However, inherent brittleness limits
their widespread application. The addition of graphene
can improve the fracture toughness of ceramics, which
could broaden the scope of application of ceramics.
Chen et al. [3] prepared the graphene nanosheets rein-
forced alumina composites, which show about 43.5%
increase in fracture toughness compared to the pure alu- 1145 and shear modulus of Si;N, based composite
mina sample. Dusza et al. [4] investigated the differ-  ¢,,\wed a noticeable anisotropy with the addition of
ent types of graphene platelets as fillers in Si;N, and graphene [12]. Rutkowski e al. [13] developed hot-
foupq that fracture toughness was imprgved with the pressed AIN/graphene composites and showed that
addition of graphene platelets. In addition, the com- o\ shene addition in larger amount resulted in higher
posite containing the graphene platelets with the small- anisotropy of heat flow in the composites. Celik ef
al. [14] prepared Al,O,/graphene composites by spark
plasma sintering and found that anisotropic microstruc-
ture results in anisotropy of fracture toughness, elec-
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trical and thermal properties of composites. When the
content of graphene is 3 vol.%, fracture toughness of
the composite in the in-plane direction improves 26.7%
compared to monolithic Al,O,, while reduces 17.2% in
the through thickness direction [14].

In the present work, based on the microstructure char-
acterization and mechanical properties testing, the in-
fluence of graphene orientation on mechanical prop-
erties of Si;N,/graphene composites was investigated.
The aim of this present work was to investigate the influ-
ence in hot pressing direction and vertical to hot press-
ing direction. The various crack propagation directions
and the energy release rate were showed and discussed.

II. Experimental

2.1. Materials and processing

The starting powders were commercially avail-
able Si;N, powder (particle size ~0.5um, purity
>99%, Nanjing Guanye Chemical Co, Ltd, China) and
graphene platelets (GPLs) (thickness ~10nm, diame-
ter ~4 um, purity >99.5%, Nanjing Xianfeng Nanoma-
terials Technology Co, Ltd, China). MgO (Sinopharm
Chemical Reagent Co, Ltd, Shanghai, China), Al,O,
(Shanghai Chaowei Nanotechnology Co, Ltd, China)
and Y, 0O, (Shanghai Chaowei Nanotechnology Co, Ltd,
China) were used as sintering aids with 2, 2 and 4 wt.%,
respectively (i.e. 8 wt.% in total). Si;N, as well as sin-
tering aids were mixed in isopropyl alcohol by ultra-
sonic processing and mechanical agitation. The mixed
slurry was subsequently milled for 56 h under nitro-
gen atmosphere. For preparing GPLs/Si;N, compos-
ites, different amount of GPLs was dispersed in iso-
propyl alcohol by ultrasonic dispersion with surfactant
polyvinylpyrrolidone as dispersant. The samples with 0,
0.5, 1, 1.5 and 2wt.% of GPLs are denoted as SGy—
SG,, where the subscripts indicate the content of GPLs.
After that, the dispersed GPLs solution was added into
the milled slurry (Si;N, and sintering aids) and milled
for another 8 h. After milling, the slurries were dried in
vacuum at 100 °C for 24 h and then sieved. The dried
mixed powders were sintered by hot pressing sintering
at 1700 °C for 60 min under 25 MPa with both heating
and cooling rate of 20 °C/min.

2.2. Characterization

The sintered samples with 42mm in diameter and
thickness of 5mm were cut into bars. The bars were
then ground and polished to obtain the dimensions of
3 x4 x 30mm and the average surface roughness less
than 0.1 um. The flexural strength was measured by the
three-point bending test on a CMT5105 electromechan-
ical universal testing machine (Shenzhen SANS Testing
Machine Co., Ltd., China) with a span of 20 mm and a
crosshead speed of 0.5 mm/min. The flexural strength of
the samples was calculated by following equation:
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where o is the flexural strength, P is the maximum
loading force when the test bar was cracked, L is the
span length, b is the width of the bar and 4 is the height
of the test bar.

The hardness of the samples was determined using a
Vickers Hardness Tester (HV-120, Huayin Corperation,
China) at a load of 196 N and holding time of 15s. The
hardness of the samples was calculated by the following
equation:

1.8544- P
YT T4 g2
where Hy is the hardness, P is the loading force, and a
is the diagonal of the indentation.

Vickers indentation method was used to calculate
the fracture toughness of samples with a Vickers Hard-
ness Tester (HV-120, Huayin Corperation, China). The
following equation was used to calculate the fracture
toughness of the samples [15]:

2)
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where K is the fracture toughness, Hy is the hardness,
a is the diagonal of the indentation, and c is the half-
distance between the two crack tips. The measurement
of hardness and fracture toughness was performed on
the polished surfaces which were parallel to hot pressing
direction (HPD) and vertical to hot pressing direction
(VHPD), as shown in Fig. 1. Data for hardness, flexu-
ral strength and fracture toughness of composites were
obtained on six samples.
Hot pressing direction

ll HPD
i VHPD
;HPD

Figure 1. Scheme of hot pressing direction and the surfaces
of HPD and VHPD

Microstructure characterization of samples was per-
formed by a field emission scanning electron micro-
scope (SEM) (SUPRATM 55, Germany). In order to
observe the crack more clearly, the crack was intro-
duced by diamond head first and then etched by 400 °C
molten sodium hydroxide. X-ray diffraction (XRD,
D8-ADVANCE, Bruker AXS, Germany) was used to
check the phase composition. Raman spectroscopy
(LabRAM HRS800, Horibajy, France) was used for
GPLs phase identification. Transmission electron mi-
croscope (TEM) and high resolution transmission elec-
tron microscope (HRTEM, JEM-2100, JEOL, Japan)
were performed to observe the microstructure of the
composite and the boundary surfaces of graphene and
matrix. Archimedes method was used to measure the
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density of the sintered materials. The theoretical density
was calculated assuming a rule of mixtures and taking
the density of 3.23 g/cm® for Si;N, and 2.2 g/cm® for
GPLs [16].

II1. Results

3.1. Phase analysis

Figure 2 shows the XRD pattern of the sample SG,
after sintering. It can be seen that only the peak of -
Si;N, is present in the XRD pattern and the transfor-
mation from «-Si;N, to B-Si;N, is complete. In the
case of the phase transformation, Rutkowski ef al. [17]
found that increase of graphene content resulted in in-
complete transformation from @-Si;N, to $-Si;N,and
the reason relates to the oxide liquid phase. Due to the
covalent nature of bonding and a low diffusivity of the
constituents of the ceramics, Si;N, is difficult to densify
without sintering aids at relatively low sintering temper-
ature. In this research, 2 wt.% of MgO, 2 wt.% of Al,O,
and 4wt.% of Y,0, were used as sintering aids. The
sintering aids react with the surfaces of the Si;N, to
form a liquid phase which contributes to the transfor-
mation and the densification of composites [18]. In ad-
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Figure 2. XRD pattern of the sintered SG, sample
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dition, adequate liquid phase is favourable for the rear-
rangement of GPLs and promotes the directional distri-
bution of GPLs under the hot pressing sintering. As for
the peak of GPLs, it was not found in Fig. 2. It may be
related to the low content of graphene.

Raman spectroscopy was used to identify GPLs in the
composite. Figures 3a and 3b show the Raman spec-
tra of the raw GPLs and the sintered SG, composite,
respectively. The presence of bands D (1351cm™), G
(1588 cm™!) and 2D (2700 cm™") can be seen, which are
the representative peaks of GPLs [19,20]. XRD shows
that new phase was not formed and Raman spectra con-
firm that GPLs remain in the matrix after sintering pro-
cess. Thus, it can be concluded that there is no reaction
between the matrix and GPLs.

Figure 4a shows TEM image of the raw GPLs, show-
ing that the GPLs with a stacked structure have a large
thickness. Figure 4b shows TEM images of the dis-
persed GPLs. It can be found that the thickness of the
GPLs decreased after dispersing process.

3.2. Mechanical properties

Mechanical properties and relative density of the
GPLs/Si;N, composites are displayed in Table 1. The
pure Si;N, sample has the highest relative density of
99.2%. With the addition of GPLs up to 2 wt.%, rela-
tive density decreases slightly from 99.2% to 98%. It is
very likely that the agglomeration of GPLs is the main
reason. The GPLs addition in higher amount resulted
in lower hardness of the composites measured on two
polished surfaces (HPD and VHPD). It is possible that
the GPLs as a softer reinforcement and a weak bound-
ary between GPLs and Si;N, decrease the hardness of
composites. However, the hardness of the composites
measured in VHPD is greater than that in HPD. The es-
sential reason is not clear. It is probably related to the
orientation distribution of GPLs. In the case of fracture
toughness, it can be found that the fracture toughness of
the composites measured on two polished surfaces in-
creased with the increase of the content of GPLs and
the maximum value was reached when the content of
graphene is 1 wt.%. For example, the fracture tough-
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Figure 3. Raman spectra of: a) raw GPLs and b) sintered SG, sample
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Figure 4. TEM images of: a) raw GPLs and b) dispersed GPLs

nesses of the SG; composite measured in VHPD and
HPD are 8.7MPa-m'? and 7.6 MPa-m'!/?, respectively,
which is increase of about 38% and 21% as compared to
the SGy ceramic. However, the addition of GPLs above
this amount resulted in lower fracture toughness of the
composites measured on two polished surfaces. A simi-
lar tendency has been found for the flexural strength of
composites. With the addition of 1 wt.% GPLs, the flex-
ural strength of the composite is 892 MPa (measured in
VHPD) and 742 MPa (HPD), which is increase of about
36% and 13% as compared to the SGy ceramic, respec-
tively. As shown in Table 1, both fracture toughness and
flexural strength of the composites measured in VHPD
are higher than that in HPD, i.e. they are increased by
about 14.5% and 20.2%, respectively.

3.3. Microstructure

The microstructure of the sintered SG; sample is
shown in Fig. 5 where the big white arrow in the top-
right corner indicates hot pressing direction. From Fig.
Sa it can be seen that GPLs are parallel to each other
and perpendicular to the hot pressing direction. The ori-
entation distribution of GPLs leads to the anisotropy of
mechanical properties of the composites, which is in
good agreement with mechanical characterization (Ta-
ble 1). In addition, GPLs is homogeneously distributed
in the matrix. However, GPLs with thickness exceeding
500 nm could be found, as shown in Fig. 5d, which is
caused by the aggregation of GPLs. The weak bound-
ary between GPLs and matrix leads to the pull-out of

GPLs as shown in Figs. 5b and 5c. The pit left after the
pull-out of GPLs can be seen in Fig. 5b. In contrast, the
GPLs inserted in the matrix and stretched out from the
fracture surface can be seen in Fig. 5c. Similar obser-
vation has been reported by Chen et al. [3] for alumina
reinforced with graphene nanosheets composites. Due
to the excellent mechanical properties of GPLs and the
large contact area, the pull-out of GPLs must consume
a vast energy which shortens the crack propagation dis-
tance compared to the ceramics without GPLs.

Figures 6a and 6b show the SEM images of the pol-
ished and etched surface of SG; ceramics in VHPD, re-
spectively, whereas Figs. 6¢ and 6d display the SEM
images in HPD. Due to the orientation distribution of
GPLs, the GPLs can not be found in VHPD. From Fig.
6¢ it can be seen that GPLs exhibit a preferred orienta-
tion direction and that they are parallel to each other.
Because of grinding and polishing process, there are
some peeling off on the surface around GPLs (the weak
boundary between matrix and GPLs).

Figures 7a and 7b show the SEM images of frac-
ture surfaces and etched surface of SGy ceramics, and
Figs. 7c and 7d display that of the SG; composite. It
can be seen that the size of the Si;N, grains in the
SG; composite seems slightly smaller than that in the
SGg composite. In addition, the sizes of Si;N, grains of
the SG; are more uniform than in the SGy. Similar ob-
servation has been reported by Dusza et al. [4]. They
found that the diameter of Si;N, grain in composites
reinforced with multilayer graphene nanosheets, exfoli-

Table 1. Mechanical properties and relative density of GPLs/Si;N, composites

Hardness Fracture toughness Flexural strength Relative

Specimen [GPa] [MPa-m'/?] [MPa] density

VHPD HPD VHPD HPD VHPD HPD [%TD]
SGo 145+0.3 6.3+0.24 655+ 12 99.2 £ 0.08
SGos 143+0.36 135+031 79+031 73+£021 832+14 685+15 99.1+0.14
SGy 139+0.26 124+034 87+029 7.6+031 892+13 742+19 989+0.13
SGis 133+031 11.5+026 82+027 73+0.16 813+13 699+17 98.6+0.15
SG; 13+034 112+028 7.5+032 68+028 760+17 677+21 98.0+0.24
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Figure 5. SEM images of SG1 sample: a) orientation distribution of graphene, b) the pit left after the pull-out of graphene,
c¢) the pull-out of graphene, and d) the aggregation of graphene

Figure 6. SEM images of SG; ceramics: a) polished surface in VHPD, b) etched surface in VHPD, c¢) polished surface in HPD
and d) etched surface in HPD
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Figure 7. SEM images of the ceramics: the fracture surface (a) and etched surface (b) of monolithic Si;N,,
the fracture surface (c) and etched surface (d) of SG; composite

ated graphite nanoplatelets and nano graphene platelets
is on average very similar and is lower than that of the
monolithic material [4]. According to our results the av-
erage Si;N, grain diameter in the composites reinforced
with GPLs is lower than that of the monolithic mate-
rial. Finally, from Figs. 7a and 7c, it can be seen that the
fracture mode in both materials is the mixed mode of
transgranular and intergranular with intergranular being
predominant.

Figure 8 shows TEM micrographs of the SG; com-
posite. As shown in Fig. 8a, GPLs are located at the
Si;N,/Si;N, boundary, which effectively inhibits the

matrix grain growth. As for the interfaces of Si;N,
grains and GPLs, it can be seen that there are two kinds
of interfaces (Figs. 8a and 8b). One is no obvious inter-
granular phase as illustrated by the HRTEM in Fig. 8a
and another one is the intergranular phase existing at the
graphene/Si;N, boundary as shown in Fig. 8b. Similar
observation was reported by Dusza et al. [4] for silicon
nitride reinforced with 1 wt.% graphene platelet com-
posite. Furthermore, GPLs are located at the boundary
and block matrix grain dissolution. GPLs inhibit the ma-
trix grain growth and change the grain shape as shown in
Fig. 8b. The grain growth of silicon nitride is in perpen-

Figure 8. TEM images of the sintered SG; composite: a) graphene located at the boundary and HRTEM (inset) of the interface
between of Si;N, grains and graphene without intergranular phase, and b) intergranular phase at the graphene/Si;N,
boundary
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Figure 9. SEM images of SG; sample: a) crack branching in VHPD, b) graphene pull-out in HPD,
¢) crack propagation in VHPD, d) and crack propagation in HPD

dicular direction to the hot pressing axis. TEM images
are in accordance with the analyses of Fig. 7.

When the indentation was performed in VHPD, crack
branching, graphene pull-out and graphene tearing are
main toughening mechanism, as shown in Figs. 9a and
9c. What is more, whatever the direction of crack prop-
agation, the main toughening mechanism is similar.
Therefore, the crack propagation in VHPD is isotropic
and the crack length in different direction is similar as
shown in Figs. 9a, 9c and 10a.

However, when the indentation was performed in
HPD, the main toughening mechanism of GPLs was
different. When the crack propagation direction is per-
pendicular to graphene, graphene pull-out and graphene
break are predominant (Figs. 9b, 9d and 10b). Because
of the high Young’s modulus of graphene, graphene
pull-out from matrix consumes a lot of energy. Figure
10b shows graphene break when the crack penetrates
through GPLs and continues to extend. The energy con-
sumed to penetrate through GPLs is expected to be very
significant. When the crack propagation direction is par-
allel to graphene, due to the weak binding force between
the layers of graphene, graphene delamination is the
main toughening mechanism (Fig. 10d). Furthermore,
because of the weak boundary between graphene and
matrix, crack will extend and deflect along the obtuse
angle direction between the crack propagation direc-
tion and graphene, as shown in Fig. 10c. Compared to
graphene delamination and crack deflection, the tough-
ening benefit of the graphene pull-out and the graphene
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break is greater. Because of this, the crack length per-
pendicular to HPD is much longer than that parallel to
HPD, which can be seen in Fig. 9d. In addition, inden-
tation depth in VHPD is 14.76 um (Fig. 9c), which is
shorter than that in HPD (17.38 um (Fig. 9d). It indi-
cates that the mechanical properties in VHPD are better
than that in HPD.

Figure 11 depicts SEM image of the crack deflec-
tion when the crack propagation meets with GPLs in
HPD. Crack deflection consumes a high amount of en-
ergy through a longer path during the crack propagation
process.

IV. Discussion

It is no doubt that the orientation distribution of GPLs
leads to the anisotropy of mechanical properties of com-
posites. Relating to the effect of GPLs addition on the
mechanical properties of composites, three factors have
been considered.

The first is the intrinsic anisotropy of GPLs. As it
is well known, GPLs are formed by the accumulation
of monolayer graphene. The binding force of mono-
layer graphene with each other is very weak, while
the Young’s modulus of graphene along the graphene
sheet is very high. It was found that the Young’s mod-
ulus of a single crystal graphite along the graphite
sheet is 1020 GPa against 36.5 GPa through the graphite
sheet [21].

The second factor is the weak boundary between
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Figure 10. Schematics of: a) graphene pull-out in VHPD, b) graphene break in HPD, c) crack deflection in HPD
and d) graphene delamination in HPD

Figure 11. SEM image of the crack deflection

GPLs and matrix. This is caused by pores and defects,
in the vicinity of the boundary and the residual stress
caused by thermal expansion mismatch. The thermal ex-
pansion coeflicient of Si;N, (5%107¢ °C!) is lower than
that of GPLs in the thickness direction and the thermal
expansion coefficient of graphite (35 x 1076 °C! in the
thickness direction and 1 x 1076 °C"! for the in-plane)
was considered as the same for graphene [22].

The last one is for the energy release rate of the ori-
ented GPLs/Si;N, composites. The analysis of the crack
deflection energy release rate (£;) was carried out by He
et al. [23] and the corresponding expressions are as fol-
lows:

1

1- 1-
Vi " V2 .
4 - cosh” e

E, E,

“)

& = (ki +13)
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(L =v2) + pa(l = vy)
where k is the stress intensity factor, v is the Poisson’s
ratio, E is the elastic modulus, y is the shear modu-
lus. Also, the properties of the matrix and reinforcement
are denoted as subscript number 1 and 2, respectively.
The elastic modulus and Poisson’s ratio of single crystal
graphite (1020 GPa and 0.165 along graphite sheet and
36.5 GPa and 0.012 through graphite sheet) were used
as that of graphene [21]. The elastic modulus and Pois-
son’s ratio of Si;N, are 324 GPa and 0.26, respectively
[12]. In order to present the difference in the energy re-
lease rate of two directions, the ratio of &; (HPD) to &,
(VHPD) was calculated and the value is 9.46. It means
that the energy consumed in HPD is larger than that in
VHPD in unit length. In other words, if one assumes that
the energy distribution is uniform for four cracks caused
by diamond head, it can be considered that the shorter
the crack length is, the higher the energy release rate is.

V. Conclusions

The GPLs/Si;N, composites with the anisotropic dis-
tribution of graphene were prepared by the hot press-
ing sintering. The analyses of XRD and Raman spec-
troscopy found that there was no reaction between
matrix and GPLs. SEM observations presented that
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graphene sheets were homogeneously distributed in the
matrix and parallel with each other. They were lo-
cated at the boundary and inhibited the matrix grain
growth. The intrinsic anisotropy of graphene, the dif-
ference of the crack deflection energy release rate based
on the anisotropic distribution of graphene and the weak
boundary bonding between graphene and Si;N, caused
by the thermal expansion mismatch led to the anisotropy
of mechanical properties.
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