PRACE INSTYTUTU ODLEWNICTWA
TRANSACTIONS OF FOUNDRY RESEARCH INSTITUTE

Volume LVII

Year 2017

Number4

Mechanical properties of Si,N, — graphene composites sintered by SPS method

Piotr Klimczyk', Lucyna Jaworska', Stawomir Cygan’, Jerzy Morgiel, t ukasz Major?, Andrzej Olszyna®

"The Institute of Advanced Manufacturing Technology, ul. Wroclawska 37A, 30-011 Krakow, Poland

2Institute of Metallurgy and Materials Science, Polish Academy of Science, ul. W. Reymonta 25, 30-059 Krakow, Poland
3SWarsaw University of Technology, Faculty of Materials Science and Engineering, ul. Wotoska 141, 02-507 Warsaw, Poland

E-mail: piotr.klimczyk@ios.krakow.pl

Received: 26.09.2017. Accepted in revised form: 29.12.2017.

Abstract

Silicon nitride powder with a small addition of magnesium
oxide and yttria stabilized tetragonal zirconia fine particles
was used as a starting material. Multilayer graphene nano-
platelets were used as filler for silicon nitride based com-
posites. Graphene content in the mixtures was 0-2 wt. %.
The composites were obtained by the Spark Plasma Sinter-
ing method at 1650°C under 35 MPa of uniaxial pressure.
Separation of the agglomerated graphene platelets in the
matrix was observed for these materials. Insufficient disper-
sity of graphene slightly decreased the mechanical proper-
ties of Si;N, ceramics. The SEM and TEM microstructural
analysis of sintered materials show that the applied pres-
sure during the sintering process leads to the orientation of
the graphene phase and in consequence causes anisotropy
of properties. The differences of friction coefficients were
examined with the Ball-on-Disc method for the two direc-
tions (parallel and perpendicular to the pressing axis). Also
the specific wear rate of the ball for the direction parallel to
pressing axis differ significantly in comparison to the wear
for the direction perpendicular to the pressing direction.

Keywords: silicon nitride, graphene, Young’s modulus, hard-
ness, coefficient of friction, wear rate

1. Introduction

Silicon nitride based ceramics are characterized by
a beneficial combination of mechanical, thermal and
chemical properties, such as: high bending strength,
fracture toughness, abrasion wear resistance, even at
elevated temperatures, very good thermal shock resist-
ance and resistance to corrosion. Therefore, silicon
nitride is commonly used for the production of cutting
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tools, bearing balls, elements of valves and various parts
of devices designed to work in hard conditions (tem-
perature, friction, aggressive environment, etc.) [1-3].
Due to high covalent bonding and very low diffusivity
of the silicon nitride, densification can only be achieved
by applying pressure and/or by introducing sintering
aids, typically metal oxides such as MgO, ALO,, Y,O,,
or ZrO,. The additives promote a liquid phase forma-
tion which provides faster mass transport and leads to
consolidation of powder particles to form a dense body.
During rapid cooling following the sintering process of
the silicon nitride materials a microstructure of Si,N,
grains with intergranular glass phase is formed [4]. If
Y, 0, is the sintering aid, a portion of this glass can be
devitrified by heat treating and slow cooling to create
crystalline yttrium — aluminum garnet (YAG) [5]. The
addition of dispersed phases of metal carbides, nitrides
and borides (TiC, TiN, SiC, TiB,) to Si,N, results in an
increase in hardness, fracture toughness and wear re-
sistance of the composite [6—-8]. Other benefits from the
addition of a dispersed second phase to silicon nitride
can be the lowering of the friction coefficient or achiev-
ing electroconductivity in this material [9]. Recently,
carbon 1D and 2D nanostructures such as nanotubes
or graphene have been intensively researched. Gra-
phene, a two-dimensional, crystalline allotrope of carbon
is characterized by exceptional electrical, thermal and
mechanical properties [10]. Last year, many papers in-
dicated the possibility of using graphene nanoplatelets
(GPLs) as filler for ceramic composites [11-13]. Most of
the investigated ceramics toughened by the addition of
graphene have been obtained by the Spark Plasma Sin-
tering (SPS) method. SPS allows high heating rates and
short sintering time together with relatively low sintering
temperatures. The toughening enhancement resulting
from introducing the graphene nanoplatelets to Si,N,
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matrix can be greater than 200% [14]. Seiner et al. [15]
for the Si,N, composites containing up to 18 wt. % of
GPLs have shown anisotropic behavior regarding elas-
tic constants, with symmetry axis defined by the SPS
loading direction. This anisotropy was enhanced when
fillers were fully contacted. Elastic moduli decreased
with an increase of the GPLs content. Other papers
have shown also strong anisotropization of thermal and
electrical conductivity of nitride ceramics caused by the
addition of GPLs [16,17].

The aim of the presented work was to investigate the
influence of GPLs addition on selected mechanical and
tribological properties of Si,N, based ceramics sintered
by the SPS method.

2. Materials and methods

The composites were prepared from the mixture
of silicon nitride powder (Si,N, a > 90%, grade M11,
0.6 ym, H.C. Starck) with the addition of 2 wt. % MgO
nanopowder (Inframat) and 2 wt. % 3YTZ (3 mol. % yt-
tria stabilized tetragonal zirconia, < 0.5 uym, H.C. Starck).
Multilayer graphene nanoplatelets having thickness of
4 nm, referred as GPLs(4) (Cheap Tubes USA graphene
nanopowder, 4 nm flakes, purity 99%, average flake
thickness < 4 nm, average lateral particle size 1-2 ym,
specific surface area > 700 m?/g), were used as filler
for silicon nitride based composites. SEM micrographs
of graphene nanoplatelets used in the experiment are
presented in Figure 1.

The mixtures, containing 0, 0.5, 1 and 2 wt. % of
GPLs(4) were homogenized using Fritsch Pulverisette 6
planetary mill equipped with Si,N, grinding vessel with
5 mm balls. Powders were milled in isopropanol with ro-
tation speed 200 rpm for 8 h. The composites were sin-
tered using Spark Plasma Sintering — SPS (FCT system,
Germany) in the temperature range of 1250-1750°C
for 5 min and then applied 35 MPa of uniaxial pres-
sure during the whole cycle. Sintered specimens were

disk-shaped with dimensions of 20 mm in diameter and
~5 mm in thickness.

Microstructure of the materials were studied with an
optical microscope, scanning electron microscope SEM
JEOL JSM-6460LV and transmission electron micro-
scope TEM TECNAI G2 F20 (200 kV). For TEM analy-
sis, thin foils were prepared using focused ion beam
(Quanta 3D System). Density of the sintered samples
was measured by the hydrostatic method and their theo-
retical density calculated by the rule of mixtures, assum-
ing densities of 3.2 g/cm? for Si,N,, 6.0 g/cm? for 3YTZ,
3.58 g/cm® for MgO, and 2.2 g/cm? for GPLs. Young’s
modulus of composites was measured based on the
velocity of the ultrasonic waves transition through the
sample using the ultrasonic flaw detector Panametrics
Epoch lll. The hardness and the fracture toughness
were determined by the Vickers method under a load of
9.81 and 98.1 N, using a Future Tech FLC-50VX Vick-
ers hardness tester. The stress intensity factor Kic was
calculated from the length of cracks which developed
during a Vickers indentation test.

In the Ball-On-Disc tests, the coefficient of friction
(COF) and the specific wear rate (Ws) of the sintered
samples in contact with Si,N, ball were determined
using a CETR UMT-2MT (USA) universal mechani-
cal tester. In the Ball-On-Disc method, sliding contact
is brought about by pushing a ball specimen onto
a rotating disc specimen under a constant load. The
samples had surface flatness and parallelism within
0.02 mm. The roughness of the tested surface was
no more than 0.1 ym Ra. The following test conditions
were established: ball diameter — 2 mm, applied load
—4 N, sliding speed — 0.1 m/s, diameter of the sliding
circle — 3 mm, sliding distance — 1000 m, calculated du-
ration of the test— 10,000 s. The tests were carried out
without lubricant at room temperature. After completing
the test, according to ISO 20808:2004 E standard, the
cross-sectional profile of the wear track at four areas
atintervals of 90° was measured using a contact stylus
profilometer. Then the average cross-sectional area of

Fig. 1. SEM micrographs of graphene nanoplatelets GPLs(4) used as fillers for Si,N -matrics: low magnification (a)
and high magnification (b)
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the wear track was calculated. The volume of material
removed was calculated as a product of cross-sectional
area of the wear track and their circumference.

3. Results and discussion

Initially, the optimization of sintering temperature for
SPS method was carried out to achieve the highest
possible density and Young’s modulus of the materials.
Density and Young's modulus of Si,N, samples contain-
ing 1 wt. % of GPLs(4), sintered at temperatures form
1250°C to 1750°C for 5 min and applied pressure of
35 MPa, are presented in Figure 2.
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Fig. 2. Density and Young’s modulus of Si,N, + 1% GPLs(4)
materials sintered at temperatures form 1250°C to 1750°C

The sinterability region for Si,N, + 1% GPLs(4) materi-
als starts at 1650°C (when the sintering pressure and
duration are 35 MPa and 5 min respectively). Basing on
data presented in Figure 2 the temperature of 1650°C
was selected for sintering of all the materials intended
for further studies. The studies of mechanical proper-
ties (Young’s modulus, hardness, fracture toughness,
coefficient of friction and wear resistance) for samples

containing 2% of GPLs(4) were made on the planes
perpendicular (L) and parallel (1) to the pressing axis
in SPS sintering process in order to determine the in-
fluence of the force direction on properties of the com-
posite. Physical and mechanical properties of silicon
nitride based ceramics with the addition of 0-2 wt. %
of graphene platelets, sintered with the SPS method
at temperature of 1650°C for 5 min, are presented in
Table 1.

Relative density (~98%) and fracture toughness
(~5 MPa-m'?) of Si,N, ceramics have not changed sig-
nificantly (simply in the range of uncertainty of meas-
urements) when GPLs content was increased from 0 to
2 wt. %, while Young’s modulus and Vickers hard-
ness decreased from 320 to 276 GPa and from 18.1 to
15.5 GPa, respectively. There were no significant differ-
ences between properties of Si,N, samples containing
2% GPLs, measured on the planes perpendicular (L)
and parallel (I1) to the pressing axis in SPS.

The microstructure of Si,N, ceramics with 2% of gra-
phene platelets was rather homogeneous, nevertheless
small agglomerates of GPLs were visible in the optical
image (Fig. 3a). This can explain the slight deterioration
of mechanical properties. In addition to the agglomer-
ates, in the composite microstructure there were also
well dispersed graphene platelets visible in TEM images
(Fig. 3b).

The coefficients of friction (COF) and specific wear
rates for composites in sliding contact with Si,N, ceramic
ball were determined at room temperatures in Ball-on-
Disc tests. The results are presented in Figures 4 and 5.

The average value of friction coefficient measured at
the steady stay (second half of the test) on the plane
perpendicular (T) to pressing direction was about 0.6. For
the plane parallel (ll) to pressing direction the value of
COF was higher but did not exceed 0.7, wherein oscilla-
tions for this plane were also higher. Specific wear rates
of discs Ws dise) (sample) for both planes were similar
(9-10% mm3/(N-m for Il plane and 7.6-10° mm3N-m for
T plane). Significant differences in wear behaviour had

Table 1. Density, Young’s modulus, Vickers hardness and fracture toughness of silicon nitride based composites with
addition of 0-2 wt. % GPLs(4)

Material composition, Pensity . Young’s modulus, Vickers hardness Fracture
o (relative density), HV HV toughness K,
wt. % 3(0 GPa 2 €
glem? (%) 1kg, GPa | 10 kg, GPa | MPam
Si;N, based ceramics 3.19 £0.01 320 +7 18.8+1.1 | 181105 49103
— initial (98%)
. 3.18 +0.01
Si;N, + 0.5%GPLs(4) (98%) 309 +4 19.7 £0.5 17.8 £0.1 5.0 £01
. 3.15 +£0.01
Si,N, + 1%GPLs(4) (98%) 294 +2 19.4 £0.5 17.2+0.5 4.7 £0.2
. 3.16 +0.01
Si,N, + 2%GPLs(4) L (98%) 272 +3 17,9 £0.6 15.2+0.3 4.9 10.2
Si;N, + 2%GPLs(4) Il - 276 +3 17,6 1.3 15.5+0.2 4.8 £+0.2
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Fig. 3. Microstructures of Si;N, base ceramics with addition 2 wt. % of GPLs(4): optical microscope (a), TEM (b)
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Fig. 4. Friction coefficient of the sample containing 2 wt. %
of GPLs(4) for tests carried out on the surface parallel
and perpendicular to the pressing direction
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Fig. 5. Ball and disc specific wear rates of the Si,N, sinters
containing 2 wt. % of GPLs(4) for tests carried out on the
surface parallel and perpendicular to the pressing direction

occurred for the ball. The specific wear rates for ball
Ws(ba” were 2-10° mm?N-m and 9-10° mm?3N-m for |
and T)plane respectively. One of the possible explana-
tions for this difference in wear rate of ball dependency

on the sample surface (Il or T) is the preferred orientation

of GPLs caused by pressure during the SPS process.
However, further studies are needed to fully explain this
phenomenon.

4. Conclusions

Silicon nitride based materials were prepared with
different amounts of multilayer graphene nanoplatelets
(0-2 wt. %). Relative density and fracture toughness
of material were 98% and 5 MPa-m'2 respectively and
did not change significantly with GPLs content. The
Young’s modulus and hardness decreased slightly as
a result of graphene addition. Small agglomerates of
graphene were visible in the microstructure of Si,N,
+ 2% GPLs ceramic material, which can explain the
slight deterioration of its mechanical properties. There
were no significant differences in physical and mechani-
cal properties of Si,N, samples containing 2% GPLs,
measured on the planes perpendicular (1) and paral-
lel (Il) to the SPS pressing axis. An exception was the
specific wear rate of the ball mated with Si,N, + 2%
GPLs sample. The direction parallel to pressing axis
Ws(ba” was much smaller in comparison to Ws(ba”) for
the direction perpendicular to the pressing direction.
This phenomenon can be explained by the anisotropy
of GPLs orientation but further experiments are needed
to achieve the required level of confidence.
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