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Abstract

Si;N,/3wt.% multi-walled carbon nanotubes (MWCNTs) composites were prepared from oxidized a-Si;N,
powders and sintering additives by hot isostatic pressing (HIP). The Si;N, powders were oxidized at 1000 °C
in ambient air environment for 10 and 20 h and the powder mixture was sintered at 1700 °C for 3 h under the
pressure of 20 MPa in nitrogen. The relationship between oxidation, microstructure, tribology and mechanical
properties was studied. The dispersion of MWCNTs was not optimal, as they were found mainly in the form of
bundles between the [3-Si;N, grains. Neither Si,N,O nor other oxide phase were observed after the sintering.
This was probably caused by the presence of MWCNTs at the grain boundaries of the Si;N, grains causing
reduction of oxide phases. The density, hardness, bending strengths and friction coefficient of the composites
increased with the oxidation time of the Si;N, powder.
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I. Introduction otubes (CNTs) with very high stiffness, strengths and
excellent thermal and electrical conductivity, offer a new
way to develop Si;N,-based composites with improved
mechanical, tribological, thermal and functional prop-
erties [11-15]. A number of works have demonstrated
that processing of Si;N, composite with the addition of
CNTs has a potential to improve selected properties of
the composite.

Balazsi et al. [16] used spark plasma sintering (SPS)
and hot isostatic pressing (HIP) for preparation of car-
bon nanotube reinforced silicon nitride composites with
preserved CNTs. The processing route had significant
influence on the microstructure development and me-
chanical properties of the composites. They reported
higher strength for Si,N,/CNTs composites in compari-
son to the monolithic silicon nitrides at the similar level
of porosity for both systems.

Pasupuleti et al. [17] prepared 1wt.% CNTs rein-
forced Si;N, composites by hot pressing (HP) tech-
nique. They showed the slight decrease of Vicker’s hard-
ness and increase of the fracture toughness with addition
of CNTs. The toughness increased due to the toughen-

Silicon nitride (Si;N,) has excellent physical, chem-
ical and mechanical properties including hardness,
strength and fracture toughness at room and elevated
temperatures which make them suitable for use in many
structural applications [1]. The microstructure of these
ceramics is strongly dependent on their processing route
and determines their complex properties at room and
high temperatures [2,3].

In the past, different silicon nitride-based compos-
ites have been developed with fine-grained matrix and
ex situ or in situ introduced elongated 5-Si;N, grains
with significantly improved fracture toughness [4-7].
On the other hand, silicon nitride-based composites
have been developed using different second phase ce-
ramics, such as microsized and nanosized SiC with the
aim to improve their high temperature properties [3,8—
10]. Another type of the second phase, carbon nan-
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ing mechanism such as crack-bridging and pulling-out
effect of CNTs. Moreover, R-curve behaviour increased
with the addition of CNTs which enhanced the tough-
ening behaviour of the composite.

Tatami et al. [18] developed the electrically con-
ductive silicon nitride composites with the addition of
CNTs for high-performance static-electricity-free bear-
ings for aerospace and other high-performance compo-
nents. It was observed that CNTs have tendency to react
with SiO, or Si;N, and O, to form CO, CO, and SiC at
higher temperature and disappear from the composite.
To avoid the disappearance of CNTs, the densification
was done at lower temperature using TiO,, AIN, Y,0,
and Al,O, as sintering additives. In this way, the CNTs
reinforced silicon nitride composite with high electrical
and mechanical properties was prepared.

Belmonte et al. [19] recently produced a new, highly
electrically conducting silicon nitride-based nanocom-
posites with nitrogen-doped multi-walled carbon nan-
otubes (MWCNTSs). The composites have excellent
electrical conductivity with values above 2150 S/m con-
nected with the enhanced electro-wetting mechanism,
shifting the Si;N, particle rearrangement temperature
to a lower value than in the case of nanocomposites
containing pure MWCNTs. Moreover, the efficiently
dispersed nanotubes from bundles by oxidizing treat-
ment improved the nanotubes-matrix interphase which
resulted in an improved mechanical performance.

According to these reports, the homogeneous distri-
bution of CNTs in the silicon nitride matrix is a big chal-
lenge. The inhomogeneous distribution and agglomer-
ation tendency of CNTs significantly downgrade the
properties of final composites. Several methods have
been employed to improve the dispersion and densifica-
tion like highly efficient ultrasonic agitation [12]. In the
case of milling process, further optimization is needed
to improve the dispersion of CNTs. The milling time,
milling conditions and the type of the mill have great
influence on the morphology and microstructure of the
starting powders for homogeneous dispersion reinforce-
ment [20,21].

The aim of this investigation is to study the influence
of the oxidization of @-Si;N, starting powders on the
microstructure, mechanical and tribological properties
of Si;N,/MWCNT composites.

I1. Experimental details

2.1. Materials preparation

Three forms of the starting a-Si;N, powder (Ube,
SN-ESP) were used in this investigation: i) as-received
a-Si;N,, powder (un-oxidized) used as a reference (SN-
CNT/0), ii) oxidized @-Si;N, powder at 1000°C for
10h in ambient air environment (SN-CNT/10) and iii)
oxidized @-Si;N, powder at 1000 °C for 20 h in ambi-
ent air environment (SN-CNT/20).

Each batch with 90 wt.% of the a-Si;N, powder (un-
oxidized and oxidized for 10 and 20 h) was milled sep-
arately with 4wt.% of AL,O; (Alcoa, Al6), 6 wt.%
of Y,0, (H.C. Starck, grade C) (Table 1) as sinter-
ing additives and polyethylene glycol (PEG) surfac-
tants dispersed in ethanol using high efficient attrition
mill (Union Process, type 01-HD/HDDM) equipped
with zirconia agitator delta discs and zirconia grind-
ing media (diameter of 1 mm) in a 750 cm?® zirconia
tank. This milling process was performed with high
rotation speed 4000rpm for 4h. The 3wt.% MWC-
NTs was added in the mixture and mixed for 30 min at
the 600 rpm in the attrition mill. The multi-walled car-
bon nanotubes (MWCNTs) were produced by catalytic-
chemical vapour deposition (CCVD) method [22]. The
low rpm was used to avoid the damaging of MWCNTs
in the powder. A similar powder preparation process
was used in previous works [23,24]. The drying and
sieving process with 150 um mesh number were done
after the milling process. Each batch of powders was
subjected to the dry pressing consolidation process un-
der 200 MPa pressure to produce green samples with the
dimensions of 3.5 X 5 x 50 mm. The heat treatment of
green samples was done at 400 °C in the muffle furnace
to eliminate the PEG prior to the sintering process. Af-
ter the heat treatment of the green samples, the samples
were sintered at 1700 °C and 20 MPa in nitrogen (N,)
gas environment for 3 h as a holding time with the heat-
ing rate of 25 °C/min, similar as in our previous work

[23].

2.2. Materials characterization

Phase compositions of the powders and sintered ma-
terials were analysed by X-ray diffractometer (XRD,
Bruker AXS D8) with Cu-Ka radiation. Morphology,

Table 1. Summarized data about starting composition

SN-CNT/0 SN-CNT/10 SN-CNT/20

Oxidation time [h] 0 10 20
Oxidation temperature [°C] 0 1000 1000
a-SizN, [wt.%] 90 90 90
MWCNTs [wt.%] 3 3 3
Al O, [wt.%] 4 4 4
Y,0; [wt. %] 6 6 6
Specific surface area [m?/g] 6.6 6.6 6.6
A-phase content [wt.%] >95 >95 >95

Crystallinity [wt.%] >99.5 >99.5 >99.5
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Figure 1. High resolution electron microscopy (HREM) images of Si;N, powders without SiO, layers (a) and with SiO, layers
formed after the oxidation of powders during 10 h (b) and 20 h (c), based on [23]

shape and homogeneity of the powders and MWC-
NTs were examined by scanning electron microscopy
(SEM, LEO 1540 XB). Energy dispersive X-ray spec-
troscopy (EDS) was carried out for the qualitative analy-
sis of the base powders (un-oxidized and oxidized Si;N,
powders) for the quantification of elemental composi-
tions. Transmission electron microscopy (TEM, Philips
CM-20) with accelerating voltage of 200kV was car-
ried out for the microstructural characterization of the
oxidized powders. High resolution transmission elec-
tron microscopy (HRTEM, JEOL3010) with accelerat-
ing voltage of 300kV was used for the nanostructural
analysis of the oxidized powders and sintered samples.
The density of the sintered materials was measured by
the Archimedes method. The hardness was tested by
Vicker’s indentation with 10N load applied for 10s in
each case. Elastic modulus and flexural strength (3- and
4-points bending strength) of the sintered samples using
specimens with the size 3 x4 x45 mm were measured by
bending tests on a tensile/loading machine (INSTRON-
1112).

Tribology measurements were carried out on equip-
ment UMT 3 (Bruker) using the reciprocating ball-on-
plate sliding technique. The wear behaviour of the ex-
perimental materials was studied in dry sliding in air.
The tribological partner was a highly polished (rough-
ness Ra < 0.10um according to ISO 3290) Si;N,
ball with 6.35 mm diameter. The normal applied load
was 13.5N that corresponds to a Hertzian pressure of
2.0 GPa, the sliding speed was 10 cm/s and the sliding
distance was 720 m. The experiments were realized at
room temperature at the relative humidity of 40 + 5%.
The material losses (volume of the wear tracks) due to
the wear were measured by a high precision confocal
microscope PLuneox 3D Optical Profiler by SENSO-
FAR, and then specific wear rates (W) were calculated
in terms of the volume loss (V) per distance (L) and ap-
plied load (F,) according to the equation:

M
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II1I. Results and discussion

3.1. Microstructural characterization

Microstructural characterization and phase analysis
of the precursor Si;N, powders confirmed the presence
of a-Si;N, phase before and after oxidation (Figs. 1, 2
and 3). The detected crystalline and amorphous phases
correspond with the a-Si;N, and SiO,, respectively.
The amorphous SiO, phase was formed as the result
of reaction between Si;N, and O, during the oxidation.
The thickness of the observed amorphous SiO, phase
was approximately 1.5 nm and 4 nm with the oxidation
time of 10 and 20 h, respectively (Fig. 1).

The X-ray diffractograms of the starting a-Si;N,
powders with 3wt.% MWCNTs before and after ox-
idation are shown in Fig. 2. No phase transformation
from «a to B-Si;N, was observed before and after oxi-
dation of the starting powders. The XRD peaks corre-
spond mainly to a-Si;N, according to the JCPDS PDF-
01-076-1407 before sintering. There is no peak repre-
senting the CNT. MWCNTs were supposed to have a
peak at the 260 = 26.228 position according to the (JCP2:
01-075-162), but the value was below detection limit
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Figure 2. X-ray diffractograms of starting powder mixtures
with un-oxidized (SN-CNT/0) and with 10 h oxidized
(SN-CNT/10) and 20 h oxidized (SN-CNT/20) Si;N, powders
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Figure 3. SEM images of the starting powders mixtures with 3 wt.% of MWCNTs after the attrition milling and the CNTs
network is among the @ grains of Si;N, powder: a) SN-CNT/0, b) SN-CNT/10 and ¢) SN-CNT/20

of XRD. The presence of MWCNTs was confirmed
by structural observations (Fig. 3). The zirconia con-
tamination originated from the grinding media (JCPDS
PDF-00-83-0944).

The higher atomic percent of oxygen was detected by
EDS after oxidation for 10 and 20 h at 1000 °C which
can be explained by the formation of amorphous SiO,
films on the surface of @-Si;N, powders illustrated in
Fig. 1. In the case of the sample prepared with 20 h ox-
idized @-Si;N, powder, five times higher atomic per-
cent of oxygen was detected than that of the sample
prepared with un-oxidized powder [23]. In this cur-
rent work, no structural peaks of any oxygen-containing
phase (including SiO,) were detected by XRD after ox-
idation. Moreover, the oxidation of the starting powders
increased the apparent density (Table 2) which might
have the influence on the mechanical properties. Carbon
might cause a mass loss in the sintered samples during
sintering because of the reduction of SiO,:

38i0,(1) + 6C+ 2N, « Si;N, +6CO  (2)

More likely, the SiO, reacted to a limited extent with
MWCNTs during sintering, but CO was formed in only
small amount.

Table 2. Apparent density (p,,) and relative densities (p,) of
the sintered composites

SN-CNT/0 SN-CNT/10 SN-CNT/20

3.161 3.199 3.235
93.4 94.5 95.6

Pap [g/cm®]
p, [%TD]

Although MWCNTs were not detected in XRD mea-
surements, the incorporation of MWCNTs in the start-
ing powders was clearly visible (Fig. 3a). SEM images
show that there is no significant damage of MWCNTs
fibres and their length and diameter are up to 8 to 10 um
and 10 to 30 nm, respectively (Fig. 3). The particle size
of silicon nitride was reduced from 50-500nm to 30—
300 nm after milling. The agglomerations of small par-
ticles of the powders might be mixture of sintering addi-
tives and zirconia (Fig. 3). The grouping and clustering
of MWCNTSs were also observed in some areas of the
starting powders (Fig. 3).

XRD diffractograms revealed the complete a to 8
transformation of Si;N, after sintering at 1700 °C for
3 h holding time in nitrogen environment (Fig. 4). These
transformations have been observed in several works
[25,26]. Two main phases 5-Si;N, (JCPDS PDF-00-33-
1160) and ZrO, (JCPDS PDF-00-83-0944) were iden-
tified in the XRD diffractograms of all sintered com-
posites (Fig. 4). Surprisingly, Si,N,O was not found
in any of the sintered sample. Si,N,O was supposed
to be formed during sintering at high temperature be-
cause of the presence of oxygen content in starting pow-
ders. Previously, Si,N,O was formed by the oxidization
of the starting powders and its effects on the mechani-
cal properties were observed [23]. The reason might be
the reaction occurring between the surface oxygen on
the silicon nitride and carbon nanotubes. CO and CO,
might be formed as the result of reaction between oxy-
gen and carbon nanotubes at higher temperature during
sintering which reduced the amount of carbon in the sin-
tered samples. The release of carbon by the oxidation in
the composite has been reported by other researchers as
well [18,27]. No peak of carbon was found in the XRD
diffractograms, but the MWCNTs can be seen clearly in
SEM images of the fractured surfaces (Fig. 5).

v— B-Si,N,
+—> CNTs
¢ > Zr0,

A Aj\ SN-CNT/20

f
/\ Aj\ SN-CNT/0

v
v
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Figure 4. XRD patterns of the composites after sintering at
1700 °C for 3 h of un-oxidized (SN-CNT/0), 10 h oxidized
(SN-CNT/10) and 20 h oxidized (SN-CNT/20) Si;N, powders
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Figure 5. Fracture characteristics of the investigated composites with characteristic fracture surface for all systems. Overview
of the fracture surface of SN-CNT/20 where pulling-out of MWCNTSs can be seen (a). The agglomerates of MWCNTSs are
present in SN-CNT/10 (b) and agglomerates/clusters of MWCNTs are seen in un-oxidized SN-CNT/0 sample (c)

3.2. Mechanical properties

As illustrated in Fig. 6, the hardness of the investi-
gated composites increased with increasing oxidation
time of the Si;N, powder. The maximum hardness was
measured in the case of the samples containing 20 h ox-
idized Si;N, powder and the lowest hardness value was
measured in the reference sample (SN-CNT/0). The low
hardness values in comparison to the monolithic ceram-
ics prepared using the same oxidized Si;N, powders
(~14 GPa) can be explained with the low density and
relatively high porosity present in the composites after
processing.

Similar tendency was found for bending strength val-
ues. The oxidation time of the powders positively influ-

10

SN-CNT/20

E ]

SN-CNT/0

SN-CNT/10

4

Micro Vicker's Hardness: GPa

T M T M T T T M T M T M T M T M T
3.16 317 318 3.19 320 321 322 323 324
Apparnt Density: g/cm’

Figure 6. Mechanical properties of the sintered composites -
the influence of apparent density on the hardness of the
investigated systems

29

ences the density of the investigated systems, which has
a positive influence not only on the hardness but also on
the bending strength values.

The 4-points bending strength of the samples SN-
CNT/0 (un-oxidized), SN-CNT/10 and SN-CNT/20
were 249.5, 263.25 and 296.6 MPa, respectively (Fig.
7). Strength increase of 16% of the SN-CNT/20 (20 h
oxidized) with increase in apparent density of 2% was
observed in comparison to the SN-CNT/0 (un-oxidized
sample). Similar tendency was found in the case of
3-point bending strength with the strength values of
the samples SN-CNT/0 (un-oxidized), SN-CNT/10 and
SN-CNT/20 being 313.25, 332.0 and 360.4 MPa, re-
spectively (Fig. 7). Relatively low bending strength
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Figure 7. Influence of the apparent density on the 3- and
4-points bending strengths of the investigated systems
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was caused by the present porosity and agglomera-
tion/clusters of MWCNTs in the composites, but also
with the MWCNTs being located between the grains of
[-Si;N, and weakening the bonding between the grains.
The higher strength value in the case of 3-points bend-
ing mode can be explained by the lower effective vol-
ume in the case of 3-points bending mode in compari-
son to the 4-points mode and with the lower probability
of the presence of strength decreasing defects close to
the tensile surface of the samples. Balazsi et al. [12] re-
ported the similar relation between density and strength.
They reported that the strength is attributed to the den-
sity of the composite.

3.3. Fractography of the fracture surfaces

Fractographic analyses have been realized on the
fracture surfaces of the specimens after the bending
strength test (Fig. 5). Macrofractography revealed that
in all cases the fracture surfaces were typical for low
strength materials, without the characteristic areas such
as fracture origin, mist, mirror and hackle [28].

Microfractography shows no significant differences
in the microstructure and fracture of the investigated
composites. The microstructure of these systems con-
sists of 5-Si;N, grains with the average grain diameter
of approximately 0.35 um and with the average length
of 1.1 wm similar to the grain dimension for the systems
prepared without CNTs addition. The composites con-
tain pores with the size approximately from 1 to 10 um
often filled with agglomerates of CNTs. The composite
with longer oxidation of starting powders contains less
porosity. The fracture character is mixed inter and intra-
granular often with bundles of pulled-out CNTs with
length up to 20 um.

3.4. Wear characteristics

The wear test revealed that in all cases friction after
short initial stage (in order of meters) was rather stable
and reproducible. There are no significant differences in
the friction coefficients of the investigated composites
over the test running distance giving values between 0.6

—— SN-CNT/20
—— SN-CNT/10
— SN-CNT/0

Coefficient of friction

COF

0.4+

0,24

0,04

T T 1
4000 6000 8000

T (sec)

T
2000

Figure 8. Coefficient of friction (COF) vs. sliding time of the
composites
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Figure 9. Tribological behaviour of the composites: confocal
microscopy image of wear track (a) and wear volume of the
investigated composites (b)

and 0.7 along the sliding distance (Fig. 8). This result is
in a very good agreement with our previous work [29]
where we found similar or even higher coeflicient of
friction for Si;N,/MWCNTs composites with the COF
starting to decrease only when the MWCNT content
reached 5 wt.%. The confocal microscopy (Fig. 9a) il-
lustrates the wear track of the sample. The maximum
wear happened in the central part of the wear track. The
specific wear rate was slightly decreased with the oxi-
dation time (Fig. 9b). Similarly, as in the case of hard-
ness and bending strength, the increased density has a
positive influence on the wear resistance of the inves-
tigated composites and with the increasing density the
wear volume decreased.

Microscopic observations of the worn surfaces of the
composites revealed no significant pulled-out CNTs and
development of so-called transferred film, which could
significantly lower the friction coefficient. It seems that
the presence of 3 wt.% CNTs in the investigated com-
posites was not effective enough in creating the trans-
ferred film.

IV. Conclusions

Si;N,/MWCNTs composites with 3 wt.% of multi-
walled carbon nanotubes were prepared from oxidized
a-Si;N, powders and sintering additives by hot isostatic
pressing. The influence of the oxidation of silicon ni-
tride powders on the microstructure development, me-
chanical and tribological properties was studied. The
main results are the following:

e Composites with un-damaged carbon nanotubes
were prepared with increased density from 3.16 to
3.24 g/cm3 with the increased time of oxidation;

The microstructure of the composites consists of 8-
Si;N, grains, porosity and MWCNTSs often in the
form of CNTs bundles. The fracture character of the
systems is mixed inter and intra-granular often with
pulled-out CNTs bundles;

The mechanical and tribological properties increased
with the increasing oxidation time of the composites.
Significant improvement can be obtained after opti-
mization of the processing route - homogenization of
CNTs and densification of the powder mixture.
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