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Abstract in English
The presented work focuses on the mechanical and tribological properties of different kinds
of – unoxidized monolithic, oxidized monolithic, and carbon nanofillers reinforced – silicon
nitride composites. For the oxidized monolithic silicon nitride systems, α - Si3N4 as starting
powders were oxidized at 1000 °C for 10 and 20 hours. This oxidation process developed a
nanosized film of SiO2 on the α - Si3N4 powder particles, which causes the nucleation of the
Si2N2O phase in the matrix during the sintering process. In the case of carbon nanofillers
composites, multiwalled carbon nanotubes (MWCNTs) and graphene nanoplatelets (GnPs)
were used as reinforcement in the silicon nitride matrix. The starting powders were milled by
the attritor mill equipped with zirconia balls and a zirconia-made agitator. Hot isostatic
pressing (HIP) and gas pressure sintering (GPS) techniques were used to densify the powders.
Following characterization techniques were used: Archimedes method for measuring the
density, scanning electron microscopy (SEM) for examining the microstructure, X-ray
diffraction (XRD) for phase analysis, transmission electron microscope (TEM), and highresolution transmission electron microscope (HRTEM) for crystallographic structure analysis
and confocal microscopy for calculating the material loss due to wearing after tribological
tests. The fundamental mechanical properties and tribological properties of the investigated
systems were determined. A fractographic analysis was carried out to determine the nature of
the fracture. Wear tracks were examined by scanning electron microscope (SEM) to identify
the wear mechanisms. Monolithic silicon nitride materials exhibited better mechanical
properties as compared to the carbon nanofillers reinforced silicon nitride composites. Carbon
nanofillers reinforced composites behaved very well in terms of tribological properties and
showed a low wear rate. At the end of this work, possible solutions have been suggested to
overcome the challenges which arise in developing silicon nitride composites.

Keywords: silicon nitride, multiwalled carbon nanotubes, graphene, hot isostatic pressing,
mechanical properties, tribological properties
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Abstract in Hungarian
Jelen dolgozat különböző - monolit, oxidált és szén nanorészecskékkel erősített - szilíciumnitrid kompozit mechanikai és tribológiai tulajdonságainak vizsgálatával foglalkozik. Az
oxidált szilícium-nitrid-kompozitok esetében az α-Si3N4 por alapanyagokat 1000 ° C-on 10 és
20 órán át oxidáltuk. Az oxidációs folyamat nanoméretű SiO2-film kialakulásához vezetett az
α - Si3N4 szemcséken, amely a szinterelési folyamat során Si2N2O fázis nukleációját
eredményezte. A szén nanorészecskékkel töltött kompozitok esetében a szilícium-nitrid
mátrixban erősítőanyagként többfalú szén nanocsövet (MWCNT) és grafén nanolemezt (GnP)
alkalmaztunk. A poranyagok őrlését attritor malomban hajtottuk végre cirkóniumgolyókkal,
cirkónium-dioxid keverőanyag adagolása mellett. A poranyagok zsugorítására meleg
izosztatikus sajtolást (HIP) és gáznyomású szinterelési (GPS) technikát alkalmaztunk. A
vizsgálatok során a következő technikákat alkalmaztuk: Archimedes módszert a sűrűség
mérésére,

pásztázó

elektronmikroszkópot

(SEM)

a

mikroszerkezet

vizsgálatára,

röntgendiffrakciót (XRD) fáziselemzésre, transzmissziós elektronmikroszkópot (TEM) és
nagy

felbontású

szerkezetelemzéshez

transzmissziós
és

konfokális

elektronmikroszkópot
mikroszkópot

a

(HRTEM)
tribológiai

a

kristálytani

vizsgálatok

utáni

anyagveszteség megállapításához. Mérésekkel meghatároztam a kompozitok alapvető
mechanikai és tribológiai tulajdonságait. Fraktográfiai elemzést végeztem a törési folyamat
behatárolása céljából. A kopási nyomokat pásztázó elektronmikroszkóppal (SEM) vizsgáltam
a kopási mechanizmus megállapítása érdekében. A monolit szilícium-nitrid anyagok jobb
mechanikai tulajdonságokat mutattak, mint a szén nanorészecskékkel erősített szilícium-nitrid
kompozitok. A szén nanorészecskékkel erősített kompozitok esetében kedvezőbb tribológiai
tulajdonságokat és kisebb kopási sebességet mértem, mint a monolit kerámia esetében. A
dolgozat záró részében megfogalmazásra került több javaslat a szilícium-nitrid-kompozitok
fejlesztésével kapcsolatos további kutatásokkal összefüggésben.

Kulcsszavak: szilícium-nitrid, többfalú szén nanocsövek, grafén, meleg izosztatikus sajtolás,
mechanikai tulajdonságok, tribológiai tulajdonságok
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1. Introduction and objectives of the work
In 1859, Sainte-Claire Deville and F. Wohler reported the synthesis of Si3N4 for the first time
by [1]. In 1955, J. F. Collins and R. W. Gerby found that silicon nitride-based ceramics have
potential thermal and mechanical properties at high temperatures [2]. Simultaneously, the
silicon nitride was not developed fully dense until then, and it was fabricated by a reaction
bonding method only. In the 1960s, Deeley et al. [3] developed, for the first time, highly
dense silicon nitride materials with sintering additives by hot pressing (HP). In the early
1970s, researchers focused on silicon nitride-based ceramics for gas turbine application [4].
Later on, different sintering techniques were developed, such as pressureless sintering [5] and
gas pressure sintering (GPS) [6] which made it possible to produce complex-shaped
components with high density. Silicon nitride is considered a structural ceramic material with
several excellent properties such as excellent flexural strength, fracture resistance, high
hardness, oxidation resistance, thermal properties at the room, and elevated temperatures.
Despite having unique properties, silicon nitride also exhibits some negative properties, such
as brittleness, low flaw tolerance, limited-slip systems, and low reliability, limiting its broader
applications. To overcome such flaws, the addition of reinforcement in the silicon nitride
matrix was proposed.
Another problem is the formation of amorphous glassy phases at grain boundaries of sintered
silicon nitride. Due to covalent bonds and low solid-state diffusion in Si3N4, sintering is very
difficult. Oxide additives such as Y2O3, Al2O3, CaO, MgO, etc., are used to provide
conditions for liquid phase sintering of this ceramic material. These additives create liquid
phases that enhance silicon nitride's densification and its transformation from the α-Si3N4 to
the β-Si3N4 (Jack, 1976). Upon cooling, these liquid phases appear in the grain boundaries or
at triple points of silicon nitride as amorphous oxide glasses. These glassy phases are
detrimental to the mechanical properties of sintered silicon nitride at high temperatures. The
glassy phases become soften at grain boundaries at a temperature above 1000 °C and affect
the mechanical properties. These glassy phases are needed to eliminate or convert from
amorphous to a crystalline phase which could play a role in improving properties at high
temperature.
Many researchers developed silicon nitride with different reinforcements and achieved
success to some extent. With the discovery of carbon nanotubes (CNTs) in 1991 and graphene
in 2004, a new research horizon arose in the materials science field. Since their discoveries,
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carbon nanofillers are being exploited to improve the mechanical, tribological, and electrical
properties of advanced ceramics, including silicon nitride. The carbon nanofillers are
promising candidates as reinforcements in the silicon nitride matrix to improve the composite
properties.
Therefore, researchers utilize different carbon nanofillers with varying concentrations,
adopting various milling methods and parameters and applying different sintering techniques
with varying parameters to explore the mechanical, tribological, thermal, and functional
properties of silicon nitride composites. The carbon nanofillers are not exploited well yet;
there is still a need for much more focused research to exploit the nanofillers as reinforcement
to improve silicon nitride's several properties.
The current work proposed that glassy phases might be eliminated or converted from
amorphous to glassy phases by surface oxidation of silicon nitride’s starting powders at high
temperatures. The current work is also a contribution towards the exploration of silicon
nitride's mechanical and tribological properties with the addition of carbon nanofillers. In this
work, different techniques and parameters were adopted to optimize and obtain better results.
The objectives of the current work are:
•

To develop silicon nitride materials without glassy phases at the grain boundaries

•

To study the effect of oxidation of starting powders on structural, mechanical, and
tribological properties of sintered silicon nitride.

•

To develop MWCNTs reinforced silicon nitride composites processed from oxidized
α-Si3N4 powders and to study their mechanical and tribological properties.

•

To investigate the microstructure of starting powders by scanning electron microscopy
(SEM), transmission electron microscopy (TEM), and high-resolution transmission
electron microscopy (HRTEM), and phases analysis by X-ray diffraction (XRD)
technique.

The thesis work mainly consists of two parts – the theoretical part, which describes the
literature, and the practical part, which illustrates the author’s work about the development of
composites, their testing, and results. Chapter 1 describes a brief history of the development
of silicon nitride and the problem and presents the main aims of the current work. Chapter 2
is devoted to the theoretical background and literature review of silicon nitride and carbon
nanofillers. It presents processing techniques, mechanical, tribological properties, and testing
methods of silicon nitride-based composites. Chapter 3 describes the experimental program,
characterization techniques, and testing methods that were used for the current work. Chapter
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4 is the start of the experimental part of the thesis, and it deals with the development of
monolithic silicon nitride systems. The chapter starts with the detailed method of oxidation of
starting powders, preparation of composites, characterization of starting powders and sintered
samples, mechanical properties, and tribological properties to identify wear mechanism.
Chapter 5 focuses on the preparation of MWCNTs reinforced Si3N4 composites, their
mechanical and tribological properties. Chapter 6 presents the brief results and discussions on
graphene reinforced silicon nitride composites. Due to the limited time for this project, only
the composites' tribological properties were done, and my colleagues have already published
the other presented results. Chapter 7 consists of a conclusion and the further challenges in
developing silicon nitride composites with carbon nanofillers, which may help researchers in
this field. Chapter 8 comprises publications, conferences, and the impact of research. Chapter
9 ends with the references used in this thesis work.
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2. Theoretical Background and Literature Review
2.1.

Advanced ceramic materials

In general, ceramics are non-metals that are hard, brittle, and heat resistant. Many definitions
of ceramics are available in the literature. But most widely accepted definition of ceramics is
presented by Kingery et al. [7]. According to them, the definition of ceramic is “a ceramic is
non-metallic, inorganic solid.” Based on production methods, properties, and application of
ceramics, they can be classified into further classes (Figure 2.1):
1. traditional ceramics,
2. advanced ceramics.
Traditional ceramics are composed of clay minerals (e.g., porcelain, bricks, tiles, toilet bowls,
and pottery), and they possess high hardness, extreme brittleness, and very susceptible to
fracture. Advanced ceramics are also inorganic and non-metallic, but their microstructure is
highly engineered to reflect its impact on ceramics' final mechanical properties. Grain size,
grain shape, porosity, and phase compositions are carefully engineered to enhance the
product's properties. Advanced ceramics are also called engineering ceramics, technical
ceramics, structural ceramics, or special ceramics. Traditional ceramics have been using
since the stone age, and advanced ceramics have been developed within the last 100 years.
Ceramics is a multibillion dollars industry, and 17% of the sector is occupied by advanced
ceramics [8].

Figure 2.1 - Classification of ceramics based on processing and applications. The current
work focuses on Si3N4 based ceramics which lie in the advanced ceramics class (highlighted
by green circle) Author’s work.
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The advanced ceramics can be classified further based on their chemical composition (Figure
2.1.). Here, a brief introduction about the classified advanced ceramics will be presented, and
the focus will be on Si3N4 based ceramics in the following chapters.
1. Oxide ceramics: these ceramics materials are based on metals or metalloids elements
combined with oxygen—for example, Al2O3, ZrO2, TiO2, and Y2O3.
2. Nitride ceramics: nitride ceramics are a class of ceramics based on nitrogen combined
with other elements—for instance, Si3N4, SiAlON, TiN, AlN.
3.

Carbide ceramics: These are based on carbides, and SiC is one of the most important
and widely used ceramic materials. e.g., SiC, B4C, WC, TiC, NbC.

4. Boride Ceramics: Boride ceramics are a class of ceramics that have boron as one of
the essential elements combined with rare earth elements or transition metals such as
LaB6, TiB2, ZrB2, HfB2.

2.1.1. Silicon nitride (Si3N4)
Silicon nitride (Si3N4) is classified as an advanced structural ceramic with a high melting
point, high hardness, and is relatively chemically inert. Si3N4 is the stoichiometric compound
in the Si–N binary system [9]. Other silicon nitrides (Si2N3 [10], SiN [11], Si3N [12], Si(N3)4)
in this Si–N binary system have been reported, but their existence was considered doubtful.
The calculated phase diagram of the Si–N system is given in Figure 2.2.

Figure 2.2 - Calculated phase diagram of Si-N system based on [9].
Si3N4 has three crystallographic structures at room temperature, which are named as α, β
and ϒ. α and β are the most common crystallographic phases of silicon nitride and have
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technological applications in advanced ceramics [13] [14]. Every crystallographic structure
has its own characteristics whose presence influences the final properties of the silicon nitride
composite. The ϒ phase of silicon nitride has a cubic structure, and therefore it is the hardest
phase, with a value of up to 35 GPa, and is not widely used for structural applications
[14][15]. The β phase has an elongated hexagonal structure and high toughness. The α phase
has a trigonal structure and is harder than the β phase [15].
Silicon nitride-based materials have been used as cutting tools, bearings, sealings, parts of gas
turbines, engines, etc., due to their exceptional combination of mechanical properties as
flexural strength, hardness, resistance to oxidation, tribological and thermal properties [16]–
[22].

2.2.

Carbon-based nanostructures

The era of carbon nanostructure started with the discovery of fullerenes (C60) in 1985 [23]
[24]. Later, discoveries of carbon nanotubes (CNTs) by Ijima [25] and graphene by Geim and
Novoselov [26] strengthened further development in carbon nanotechnology. Due to the
importance, the discovery of two (fullerenes, graphene) of the carbon nanostructures got
Nobel prizes. A new horizon of research opened up, and the properties of carbon
nanostructures were exploited to develop novel materials in the last two decades.
Based on structure, carbon nanostructures can be divided into further types, as illustrated in
Figure 2.3:
1. Fullerene,
2. Carbon nanotubes (CNTs),
3. Graphene,
4. Diamond-like carbon.
Here, only carbon nanotubes and graphene will be discussed.
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Figure 2.3 - Type of carbon-based nanostructures and classified based on sp-hybridization
and 0D to 3D [23].
2.2.1. Carbon nanotubes
During the production of carbon C60 and fullerene by arc evaporation of graphite, Ijima
examined the deposited carbon layer on the graphite by a high-resolution transmission
electron microscope (HRTEM) [25]. He discovered a new form of carbon, which consisted of
a graphene cylindrical tube with 10 nm diameter, and the end-cap was like a fullerene
structure. This new form of carbon was named a carbon nanotube (CNT) based on its physical
appearance. A CNT has three basic orientations (Figure 2.4) [27]:
Armchair orientation: Graphene cylinder along a five-fold axis with a fullerene-like cap
at the end (Figure 2.4-a).
Zigzag orientation: Graphene cylinder along a three-fold axis with a fullerene-like cap at
the end (Figure 2.4-b).
Chiral orientation: Graphene cylinder along with a helical arrangement with a fullerenelike cap at the end (Figure 2.4-c).
Carbon nanotubes (CNTs) are classified into two groups: multi-walled carbon nanotubes
(MWCNTs) and single-walled carbon nanotubes (SWCNTs) [28]. MWCNTs consist of
multiple concentric graphene cylinders, while SWCNTs comprise a single layer of a graphene
cylinder. The diameter of CNT ranges between 1 and 50 nm, and the length ranges from a few
nm to a few µm [29][30][31][32]. A CNT has a tensile strength 10 times greater than that of
steel, and its stiffness is 15 times higher than that of steel (Table 2.1). The comparison of the
properties of different materials is given in Table 2.1.
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Table 2.1 - Comparison of properties of CNT and other materials. Reproduced from [33]
Material

Density (g/cm3) Tensile Strength (GPa) Stiffness (GPa)

CNTs

1.3–2

10–60

1000

Wood

0.6

0.008

16

Steel

7.8

0.4

208

Carbon Fiber 1.7–2.2

1.7–3.3

200–960

Epoxy

0.005

3.5

1.25

Figure 2.4 - Three types of carbon nanotubes (CNTs): (a) armchair (n, m) = (5, 5); (b) zigzag
(n, m) = (9, 0); (c) chiral (n, m) = (10, 5) [27].

CNTs can be produced in two main ways:
(i) Arc Evaporation Method: A 50 Ampere current is applied between graphite electrodes to
evaporate the graphite, and this is done in a helium environment. CNTs are condensed at
the cathode. Ijima also used this method to produce CNTs [25]. This method can produce
SWCNTs with the addition of Ni and Co at graphite anode electrode [33].
(ii) Catalytic Method: CNTs are produced by the decomposition of hydrocarbons over the
metallic catalysts (Fe, Co, Ni) [34][35]. This method has the one disadvantage that CNTs
are produced with lattice defects more than that of the arc evaporation method. These
defects can be reduced by heat treatment after production [36].
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2.2.2. Graphene
Graphene is a 2D single and thin layer of graphite with sp2 hybridization arranged in
hexagons. Graphite is an allotrope of carbon; graphite and graphene contain the same atoms,
but a different arrangement of atoms gives different properties. In 2004, Andre Geim and
Konstantin Novoselov discovered graphene by using scotch tape to polish a large block of
graphite; the researchers spotted very thin flakes on the tape [37]. They continuously peeled
layer by layer from the flakes of graphite and fabricated a thin sample layer as a single layer
of graphite, which is now called graphene. The structure of graphene is illustrated in Figure
2.5.

Figure 2.5 - Honeycomb lattice of graphene. Graphene layers can be stacked into graphite or
rolled up into carbon nanotubes [38].
Due to the strength of its carbon bonds, graphene is the strongest material, with a tensile
strength of 130 GPa and Young's modulus close to 1 TPa [39] [40]. The Class for Physics of
the Royal Swedish Academy of Sciences enlightened in their Nobel Prize announcement that
a 1 m2 graphene hammock would support a cat of 4 kg but would weigh only as much as one
of the cat's whiskers, at 0.77 mg, which is about 0.001% of the weight of 1 m2 of a paper [41].
They also illustrated that graphene is more than 100 times stronger than the strongest steel
[41].
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2.3.

Silicon nitride-based composites with carbon nanofillers reinforcement

To enhance the properties, several studies have been done on the carbon nanofillers reinforced
silicon nitride composites. To some extent, the addition of carbon nanostructures was useful
to enhance the mechanical, tribological, and electrical properties. The use of carbon
nanostructures has not been exploited well because of the challenges in integrating
nanostructures in the silicon nitride matrix. The main problems are non-uniform dispersion of
reinforcement, incomplete densification, and porosity induced by the nanostructures. There is
still a need to work done to address such problems.
However, Si3N4 is a structural ceramic material with many excellent properties, but at the
same time, it has some negative properties which limit its applications in many sectors. The
negative properties are brittleness, low flaw tolerance, and limited-slip systems. To overcome
these negative characteristics, researchers proposed an idea to develop a composite by
combining the properties of two or more constituents by adding a second phase to the silicon
nitride matrix. The second phase should have such properties whose combination could give
an optimum property. An improvement was achieved to some extent, but many challenges
came up as well. Different silicon nitride-based composites have been developed with finegrained matrix and ex-situ or in-situ introduced elongated β-Si3N4 grains [42]–[45].
One of the positive effects is the toughening mechanism induced by the CNTs and graphene.
Several researchers reported the enhancement of fracture toughness of the composite with the
addition of carbon nanotubes and graphene than that of monolithic material [46]–[49] [50]–
[52].
Pasupuleti et al. [46] prepared 1 wt% CNTs reinforced Si3N4 composites by hot pressing (HP)
technique. They reported an increase in fracture toughness with the addition of CNTs, which
is because of the toughening mechanism by crack-bridging and pulling-out effect of CNTs.
Moreover, R-curve behavior increased with the addition of CNTs, which enhance the
composite's toughening behavior. So far, Matsuoka et al. [47] have also reported the highest
value of fracture toughness (8.6 MPa·m1/2) of 1 wt% MWCNT-reinforced silicon nitride
composite.
But some researchers also reported a decrease in fracture toughness of silicon nitride with the
addition of CNTs [53][54]. Kovalcıkova et al. [53] reported a decrease in hardness and
toughness of silicon nitride composite due to the high level of porosity, which was induced by
the addition of MWCNTs.
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Walker et al. [51] developed a uniform and homogeneously dispersed graphene platelets
(GPLs) reinforced silicon nitride composites by spark plasma sintering. The reported
significant increase in fracture toughness with a value of 6.6 MPa.m1/2 for 1.5 vol% GPLs
reinforced Si3N4 than that of monolithic silicon nitride material. The increase in fracture
toughness is attributed to the toughening mechanisms in the form of graphene necking, crack
bridging, crack deflection, and pull-out. The observed toughening mechanisms by graphene
platelets are evidenced by SEM image (Figure 2.6)

Figure 2.6 - Toughening mechanisms in GPL-Si3N4 nanocomposites. (a) Microhardness
testing resulting in the creation of radial cracks stemming from the microhardness indent.
Closer examination of the radial cracks reveals GPL bridging the crack at several locations,
two of which are shown in this high-resolution SEM image. (b) Further examination of the
radial cracks indicates that they follow a tortuous crack propagation path. (c) Fracture
surface of the bulk sample indicates the presence of three-dimensional toughening
mechanisms for the GPL-Si3N4 nanocomposite [51].
Despite the positive effect of carbon nanostructures' addition, several challenges have to be
dealt such as preservation of reinforcements, interfacial bonding between matrix and
reinforcements, uniform dispersion, load transferability, and amount of reinforcement.
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Effective load transfer plays a role in enhancing the toughness, and it depends on the
interfacial strength between CNTs and silicon nitride grains. Without the optimum interfacial
strength, the effective load transfer is not possible, which leads to the diminishing of crackbridging and pulling-out mechanisms on the fracture surface.
It is difficult to compare the influence of graphene and CNTs on the properties of Si3N4-based
composites because of limited and ambiguous results reported in the literature. Tables 2.2 and
2.3 comprise the effect of CNT/graphene on the mechanical and tribological properties of
silicon nitride. Only selected results from the literature have been presented in tables 2.2 and
2.3. Both CNTs and Graphene are promising candidates to enhance ceramics' mechanical,
tribological, and functional properties.
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Table 2.2 – Mechanical properties of carbon nanofillers reinforced silicon nitride with processing parameters from literature.

Sintering Additives

Theoretical/
Apparent
Density
(g/cm3)

Load
(N)

HV
(GPa)

MgO, Al2O3, SiO2

89.4 %

-

8.2

Al2O3, Y2O3

3.17 g/cm3

10

16.6 ± 0.4

Si3N4 +

Milling
Parameter

1 wt% MWCNTs

Planetary

1 wt% MWCNTs

Ball/3 h

GRF/1000~1450 °C/40 h + 550
°C/2 h
SPS/1500 °C/5 min/50 MPa

1 wt% MWCNTs

Ball/24 h

HP/1750 °C /1 h/30 MPa

Al2O3, Y2O3, ZrO2

98.7 %

98

15.0 ± 0.1

3 wt% MWCNTs
3 wt% MWCNTs
3 wt% SWCNTs
5 wt% MWCNTs
1 wt% MWCNTs
1 wt% MWCNTs

Attritor/5 h
Attritor/5 h
Attritor/5h
Ball/16 h
Ball/3 h
Ball/3 h

98
98
98
29
-

10.41
18.73
16.97
∼13.75
16.6
19.1

Bead/2 h

99.6 %

98

14.8

1 wt% MWCNTs

Ball/24 h

93.5 %

98

11.3

1 vol% SWCNTs
6 vol% SWCNTs
0 wt% GNP

Ball/12 h
Ball/12 h
Ball/25 min

95.4 %
91.0 %
3.079

2.45
2.45
10

17.6
10.7
15.61

1 wt% GNP

Ball/25 min

HP/1650 °C/ 2h/ 40 MPa

Al2O3, Y2O3
Al2O3, Y2O3
Al2O3, Y2O3
Al2O3, Y2O3
Y2O3, Al2O3
Y2O3, Al2O3
Y2O3, Al2O3, AlN.
HfO2, TiO2
Y2O3, Al2O3, AlN.
HfO2, TiO2
CTAB *
CTAB *
AlF3, MgF2
AlF3, MgF2

3.17 g/cm3
3.19 g/cm3

1 wt% MWCNTs

HIP/1700 °C/ 3 h/20 MPa
SPS/1650 °C/3–5 min/50 MPa
SPS/1650°C/3–5 min/50 MPa
HP/1700 °C/1 h/ 30 MPa
SPS/1500 °C/5 min/100 MPa
SPS/1500 °C/3 min/50 MPa
GPS/1600–1750 °C/2 h +
HIP/1700°/1 h/100 MPa
GPS/1600–1750 °C/2 h +
HIP/1700°/1 h/100 MPa
SPS/1600 °C/3 min
SPS/1600 °C/3 min
HP/1650 °C/ 2h/ 40 MPa

3.071

10

18.76

Sintering Parameters

2 wt% GNP

Ball/25 min

HP/1650 °C/ 2h/ 40 MPa

AlF3, MgF2

3.07

10

18.89

3 wt% GNP

Ball/25 min

HP/1650 °C/ 2h/ 40 MPa

AlF3, MgF2

3.74

10

18.62

25

Flexura
l
Strengt
h
(MPa)
280

KIC
(MP
a·m1/
2)

∼279
996 (4
pt.)

5.3
6.6 ±
0.6

2.3

Ref.

[55]
[56]
[46]
[48]

525

6.7

[49]
[57]

∼980

7.1

834

8.6

[47]

[58]
516
593

5.08
8.48

617

11.2
6
9.51

599

[59]

Si3N4 +

Milling
Parameter

Sintering Parameters

Sintering Additives

Theoretical/
Apparent
Density
(g/cm3)

0 wt% rGO
0.75 wt% rGO
1.50 wt% rGO
2.25 wt% rGO
0 wt% GNP
3 wt% GNP
5 wt% GNP
3 wt% FL-GNP
5 wt% FL-GNP
0 vol% GNP
4.3 vol% GNP
7.2 vol% GNP
4.3 vol% rGO
7.2 vol% rGO
0 wt%
1 wt% MLG
3 wt% MLG
5 wt% MLG
0 wt% GPLs
0.2 wt% GPLs
2 wt% GPLs
0 wt% MLG
1 wt% MLG
3 wt% MLG

Ball/2h h
Ball/2h h
Ball/2h h
Ball/2h h
Ball mill/Ball mill/Ball mill/Ball mill/Ball mill/Ball mill/2h
Ball/2h
Ball/2h
Ball/2h
Ball/2h
Attritor/5h
Attritor/5h
Attritor/5h
Attritor/5h
Ball/12h
Ball/12h
Ball/12h
Attritor/5h
Attritor/5h
Attritor/5h

HP/ 1700°C/1h/30MPa
HP/ 1700°C/1h/30MPa
HP/ 1700°C/1h/30MPa
HP/ 1700°C/1h/30MPa
SPS/1700°C/10 min/vacuum
SPS/1700°C/10 min/vacuum
SPS/1700°C/10 min/vacuum
SPS/1700°C/10 min/vacuum
SPS/1700°C/10 min/vacuum
SPS/1700°C/10 min/vacuum
SPS/1625°C/5 min/50 MPa
SPS/1625°C/5 min/50 MPa
SPS/1625°C/5 min/50 MPa
SPS/1625°C/5 min/50 MPa
SPS/1600°C/10 min/50 MPa
SPS/1600°C/10 min/50 MPa
SPS/1600°C/10 min/50 MPa
SPS/1600°C/10 min/50 MPa
HP/1750°C/1h/20 MPa
HP/1750°C/1h/20 MPa
HP/1750°C/1h/20 MPa
SPS/1600°C/10min/50 MPa
SPS/1600°C/10min/50 MPa
SPS/1600°C/10min/50 MPa

Y2O3, Al2O3
Y2O3, Al2O3
Y2O3, Al2O3
Y2O3, Al2O3
Y2O3, Al2O3
Y2O3, Al2O3
Y2O3, Al2O3
Y2O3, Al2O3
Y2O3, Al2O3
Y2O3, Al2O3
Y2O3, Al2O3
Y2O3, Al2O3
Y2O3, Al2O3
Y2O3, Al2O3
Y2O3, Al2O3
Y2O3, Al2O3
Y2O3, Al2O3
Y2O3, Al2O3
Y2O3, Al2O3, MgO
Y2O3, Al2O3, MgO
Y2O3, Al2O3, MgO
Y2O3, Al2O3
Y2O3, Al2O3
Y2O3, Al2O3

99.79
99.92
99.51
99.06
3.31
3.27
3.21
3.29
3.29
3.23
3.18
3.16
3.19
3.16
∼98.2%
∼97.60
∼97.25
∼97.09
3.1
3.14
3.06
∼98%
∼96.5%
∼93.8%
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Load
(N)

HV
(GPa)

196
196
196
196
98
98
98
98
98
9.8
9.8
9.8
9.8
9.8
19.6
19.6
19.6
19.6

16.6
18.6
17.9
17.3
17.5
13.5
12.8
13.7
9.8
20.4
17.7
16.4
15.9
14.6
17.5
18.4
15.2
13.7

19.6
19.6
19.6

∼17.5
∼18.37
∼15.25

Flexura
l
Strengt
h
(MPa)
608
784
962
1116.4
∼950
∼925
∼1040
296
305
270

KIC
(MP
a·m1/
2)
6.17
7.63
9.26
10.3
5.1
6.6
7.5
10.5
7.6
∼4.5
∼6.5
∼5.5
∼10
∼9.2
5.4
4.4
4.9
5.4
5.32
5.86
1.87
∼5.3
∼4.8
∼4.8

Ref.

[60]

[61]

[62]

[63]

[52]

[64]

Si3N4 +

5 wt% MLG
3 wt% MLG

Milling
Parameter

Attritor/5h
Attritor/4.5h

Sintering Parameters

Sintering Additives

SPS/1600°C/10min/50 MPa
HIP/1700 °C/ 3 h/20 MPa

Y2O3, Al2O3
Y2O3, Al2O3

Theoretical/
Apparent
Density
(g/cm3)

Load
(N)

∼90.1%
2.8 (88.6%)

19.6
5

Flexura
l
Strengt
h
(MPa)

HV
(GPa)

∼13.80
5.8 ± 0.65

KIC
(MP
a·m1/
2)
7
∼5.0
5.7

Table 2.3 – Tribological properties of carbon nanofillers reinforced silicon nitride with the processing parameters from literature.
Si3N4 +
0 wt% MWCNTs
1 wt% MWCNTs
3 wt% MWCNTs
5 wt% MWCNTs
10 wt% MWCNTs
0 vol% MWCNTs
1.8 vol%
MWCNTs
5.3 vol%
MWCNTs
8.6 vol%
MWCNTs
0 wt% MWCNTs
3 wt% MWCNTs
0 wt% MWCNTs

Milling
Parameter
Attritor/5h
Attritor/5h
Attritor/5h
Attritor/5h
Attritor/5h
Ultrasonic
stir
Ultrasonic
stir
Ultrasonic
stir
Ultrasonic
stir
Attritor/5h
Attritor/5h
Attritor/5h

Theoretical/Apparent
Density (g/cm3)
3.23

Load
(N)
5
5
5
5
5
50

Test
Wear rate
Conditions

HIP/1700°C/3h/20 MPa
HIP/1700°C/3h/20 MPa
HIP/1700°C/3h/20 MPa
HIP/1700°C/3h/20 MPa
HIP/1700°C/3h/20 MPa
SPS/1585°C/5min/50 MPa

Sintering
Additives
Y2O3, Al2O3
Y2O3, Al2O3
Y2O3, Al2O3
Y2O3, Al2O3
Y2O3, Al2O3
Y2O3, Al2O3

Dry
Dry
Dry
Dry
Dry
Isooctane
lubricant

∼ 1.10 x 10-5
∼ 2.0 x 10-5
∼ 4.9 x 10-5
∼ 1.10 x 10-5
∼ 8.0 x 10-5
∼ 0.61 x 10-6

SPS/1585°C/5min/50 MPa

Y2O3, Al2O3

3.20

50

Isooctane
lubricant

∼ 0.47 x 10-6

SPS/1585°C/5min/50 MPa

Y2O3, Al2O3

3.15

50

Isooctane
lubricant

∼ 0.33 x 10-6

SPS/1585°C/5min/50 MPa

Y2O3, Al2O3

3.12

50

Isooctane
lubricant

∼ 0.16 x 10-6

HIP/1700°C/3h/20 MPa
HIP/1700°C/3h/20 MPa
HIP/1700°C/3h/20 MPa

Y2O3, Al2O3
Y2O3, Al2O3
Y2O3, Al2O3

-

5
5
5

Dry
Dry
Dry

∼ 3.02 x 10-6
∼ 3.34 x 10-7
∼ 1.8 x 10-7

Sintering Parameters
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Ref.
[66]

[67]

[68]
[69]

Ref.

[65]

Si3N4 +

Sintering Parameters

1 wt% MWCNTs
3 wt% MWCNTs
10 wt% MWCNTs
0 wt% GNP
3 wt% GNP
3 wt% FL-GNP
5 wt% FL-GNP
0 wt% GNP

Milling
Parameter
Attritor/5h
Attritor/5h
Attritor/5h
Attritor/5h
Attritor/5h
Attritor/5h
Attritor/5h
Ball/2h

HIP/1700°C/3h/20 MPa
HIP/1700°C/3h/20 MPa
HIP/1700°C/3h/20 MPa
SPS/1700°C/10min
SPS/1700°C/10min
SPS/1700°C/10min
SPS/1700°C/10min
SPS/1625°C/5min/50 MPa

Sintering
Additives
Y2O3, Al2O3
Y2O3, Al2O3
Y2O3, Al2O3
Y2O3, Al2O3
Y2O3, Al2O3
Y2O3, Al2O3
Y2O3, Al2O3
Y2O3, Al2O3

Theoretical/Apparent
Density (g/cm3)
3.32
3.28
3.3
3.13
3.23

Load
(N)
5
5
5
5
5
5
5
50

3 wt% GNP

Ball/2h

SPS/1625°C/5min/50 MPa

Y2O3, Al2O3

3.18

50

0 wt% GNP

Ball/2h

SPS/1625°C/5min/50 MPa

Y2O3, Al2O3

3.23

100

3 wt% GNP

Ball/2h

SPS/1625°C/5min/50 MPa

Y2O3, Al2O3

3.18

100

0 wt% GNP

Ball/2h

SPS/1625°C/5min/50 MPa

Y2O3, Al2O3

3.23

200

3 wt% GNP

Ball/2h

SPS/1625°C/5min/50 MPa

Y2O3, Al2O3

3.18

200

0 wt% MLG
1 wt% MLG
3 wt% MLG

Attritor/5h
Attritor/5h
Attritor/5h

HIP/1625°C/3h/20 MPa
HIP/1625°C/3h/20 MPa
HIP/1625°C/3h/20 MPa

Y2O3, Al2O3
Y2O3, Al2O3
Y2O3, Al2O3

-

5
5
5
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Test
Wear rate
Conditions
Dry
Dry
Dry
Dry
Dry
Dry
Dry
Isooctane
lubricant
Isooctane
lubricant
Isooctane
lubricant
Isooctane
lubricant
Isooctane
lubricant
Isooctane
lubricant
Dry
Dry
Dry

∼ 3.5 x 10-5
∼ 0.9 x 10-5
∼ 8.05 x 10-5
∼ 1.2 x 10-5
∼ 9.8 x 10-6
∼ 6.5 x 10-6
∼ 2.1 x 10-7
∼ 6.94 x 10-8

Ref.

[70]

[71]

∼ 5.83 x 10-8
∼ 5.0 x 10-8
∼ 3.33 x 10-8
∼ 4.86 x 10-8
∼ 2.06 x 10-8
∼ 7.5 x 10-6
∼ 7.0 x 10-6
∼ 2.4 x 10-5

[72]

2.3.1. Effect of carbon nanofillers on hardness
The effect of CNTs and graphene on silicon nitride composites' microhardness is not positive
as the positive effect on fracture toughness, electrical and tribological properties. According
to the results, the hardness values are in a strong relationship with the values of densities. Due
to the tendency of agglomeration of CNTs and graphene, the porosity of silicon nitride-based
composites increased. Balazsi et al. [73] reported decreased Vickers hardness of silicon
nitride composites with increasing amount of multi-layered graphene (MLG). The hardness
increased with the addition of 1 wt% MLG and then started decreasing with the higher
amount of MLG. The decrease in Vickers hardness attributed to the soften-carbon parts and
high porosity because of the addition of MLG. Similarly, in CNTs added silicon nitride, the
decreasing tendency in microhardness has been observed. More study is needed to understand
the negative phenomenon of carbon nanofillers on the hardness of silicon nitride.
Recently, Hu et al. [60] reported the addition of reduced graphene (rGO) sheets to Si3N4
results in superior mechanical properties to a monolithic Si3N4. They prepared a novel
reduced graphene oxide‐encapsulated silicon nitride (Si3N4@rGO) particle via electrostatic
interaction between amino‐functionalized Si3N4 particles and graphene oxide (GO). The
improvement in Vickers hardness is attributed to the refined microstructure of the composites.
The addition of rGO leads to microstructure refinement, which increased the hardness by
hindering the silicon nitride grains' dislocation.

2.3.2. Effect of carbon nanofillers on flexural strength
The flexural strength of CNTs and graphene added silicon nitride composites is comparable
with the strength of the monolithic material. No significant improvement in flexural strength
has been reported so far. Technological and surface defects such as clusters of reinforcements,
impurities, pores, and non-densified areas cause the fracture origin. In service under loads,
these defects serve as a fracture origin and decrease the strength as per their character, size,
and location in the microstructure.
But some studies found a slight improvement in flexural strength, but the reason behind the
improvement is still not clear. Balazsi et al. [57] developed the silicon nitride composite with
1 wt% of MWCNTs, and the bending strength was found to be higher than that of silicon
nitride without MWCNTs. By pulling out, the MWCNTs’ strengthening mechanism was
observed in the composite [57]. Yoshio et al. [74] reported that bead milling results in well-
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pulverized agglomerates of CNTs, uniformly dispersed in ethanol, and prepared Si3N4 + CNT
ceramics in such a way, and the bending strength was improved.
Hu et al. [60] reported 83.5% increased flexural strength and reached a maximum value of
1116.4 MPa, and the fracture toughness increased by 67.7% to 10.35 MPa·m1/2 with the
addition of 2,25 wt% rGO as reinforcement in the silicon nitride matrix.

2.3.3. Effect of carbon nanofillers on tribological properties
The carbon nanostructures have attracted much attention to be used as self-lubricating
nanofillers in silicon nitride composites working under severe friction and wear conditions.
The tribological study of graphene added ceramics started in 2013 after the publication by
Hvizdos et al. [72] and Belmonte et al. [71]. Hvizdos et al. [72] studied mechanical and
tribological properties of nanocomposites with silicon nitride matrix with the addition of 1
and 3 wt% of various types of graphene platelets. They observed that 1 wt% graphene phase
does not lower the coefficient of friction in dry conditions but, 3 wt% of larger sized graphene
reinforced showed higher wear resistance. Belmonte et al. [71] investigated the tribological
properties of graphene nanoplatelets (GNPs)/Si3N4 composites using a reciprocating ball-onplate configuration under isooctane lubrication. They observed that exfoliated graphene
nanoplatelets formed an adhered protective tribofilm, which acted as lubrication and enhanced
up to 56% wear resistance.
Similarly, CNTs are also beneficial to enhance the tribological properties of silicon
nitride composites. Gonzalez-Julian et al. [67] found the better tribological properties in terms
of low wear rate with the addition of 8.6 vol% MWCNT in silicon nitride matrix than the
monolithic Si3N4 ceramics under the load of 50 N in isooctane lubrication condition. The
improved wear properties were attributed to the homogeneous dispersion of CNTs and the
extra effect of lubrication by CNTs. It was observed that Si3N4 + MWCNT composites
showed 40% lower friction coefficient and 80% lower wear rates than that of the monolithic
silicon nitride materials.
Balko et al. [69] prepared the silicon nitride composite with 1, 3, 5, and 10 wt% of multiwalled carbon nanotubes (MWCNTs) at 1700 °C by the HIP sintering technique. They
performed the tribological tests on these composites using a ball on desk configuration in dry
conditions. Notably, 1 and 3 wt% of MWCNTs did not significantly decrease the coefficient
of friction and wear rate, but the MWCNTs higher than 5 wt% had a positive effect in
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reducing the wear rate and coefficient of friction (COF). Besides, 10 wt% MWCNTreinforced Si3N4 reduced the coefficient of friction (COF) by 46% compared to that of 1 wt%.
There are some models and wear maps developed by researchers which can be simulated
to predict the wear characteristics of a material. Maros et al. [75] developed the 2D and 3D
wear maps for multi-layered graphene (MLG) added Si3N4 composites which help the
researchers to predict the wear performance of the composites under various loading and
different speed conditions.
In monolithic silicon nitride ceramics, the general wear mechanism is that the grains are
detached from the surface during the sliding. These grains cause the abrasion and pronounce
the effect of wearing. In general, wear debris is formed by the action of the micro-abrasion
mechanism, being compacted during the motion of the sliding pairs. If CNTs are present in
the debris wear, then the debris wear serves as lubrication and overcomes friction. One of the
examples was observed by Gonzalez-Julian et al. [76] in situ CNTs + Si3N4 composites; the
debris areas appeared well adhered to the surface, which protected it against wear [76].

2.4.

Processing of ceramic matrix composites

It is difficult to sinter Si3N4 to achieve full density due to covalent bonds between Si and
N atoms. The processing of carbon nanostructures based on Si3N4 composites is even more
difficult because of integrating a reinforcement phase at the nanometric scale; therefore, the
processing routes have to be optimized before manufacturing the Si3N4 + CNT/graphene
composites. The main processing routes of a Si3N4 + carbon nanostructures (CNTs/graphene)
composite are schematically illustrated in Figure 2.7, in which the powder preparation phase
before sintering can be in the form of:
(i) Powder processing
(ii) Colloidal Processing
(iii) Sol-gel/precursor (in situ growth of CNTs/graphene).
After the processing route of starting powders, the next step is to consolidate the powders
into a shaped preform under dry pressing called a green sample, green body, or green
compact. The last step is densifying these green bodies by utilizing heating or application of
temperature and pressure to allow the bonding reaction between powder particles to achieve
full density; this process is called the sintering process. For the sintering process, several
techniques (i.e., hot pressing, hot isostatic pressing, gas pressure sintering, and spark plasma
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sintering) have been applied to densify the silicon nitride-based powders. As it was mentioned
above, sinter silicon nitride powders to achieve full density is difficult. Sintering aids require
to aid in the sintering process to achieve full density. Many sintering aids have been used to
improve the sintering process. In addition to the positive influence, the sintering additives
have a negative aspect; they segregate at grain boundaries and negatively affect the hightemperature mechanical properties.

Figure 2.7 - Illustration of the main processing routes used for the processing of carbon
reinforced Si3N4 composites. Author’s work
2.4.1. Sintering aids
Due to covalent bonding and low diffusivity between the Si-N, Si3N4 cannot be fully
densified by solid-state sintering without any additives. The addition of sintering additives
introduces a so-called liquid-phase sintering process, which results in higher densification [2].
In the case of carbon nanostructures-reinforced silicon nitride composites, a wide range of
sintering additives of metal oxides or non-oxides were used. So far in the literature, these
additives (TiO2, Y2O3, Al2O3, MgO, SiO2, AlN, HfO2, and ZrO2) were reported as sintering
additives

for

the

fabrication

of

CNT-reinforced

silicon

nitride

composites

[77][78][46][79][80][81]. Recently, Matsuoka et al. [77] added HfO2 to Y2O3-Al2O3-AlN
additives to prevent the CNTs from reacting and disappearing from the composite. They
reported that the addition of HfO2 resulted in higher electrical conductivity (~102 S/m) and
higher bending strength (~1086 MPa).
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2.4.2. Milling Process
The degree of dispersion of carbon nanostructures in the silicon nitride matrix
significantly affects the composite's final properties. To achieve excellent properties of carbon
nanostructures-reinforced silicon nitride composites, fully densified composites with
uniformly dispersed, undamaged, and un-agglomerated incorporation of nanostructures are
inevitable. One of the major issues during the integration of nanostructures in the silicon
nitride matrix is the difficulty in obtaining the nano-fillers' uniform dispersion due to their
tendency of agglomeration due to van der Waals forces. Agglomerates occur due to high
surface area and high aspect ratio of reinforcement, which critically affects composites'
mechanical properties.
Several researchers emphasized improving the milling process and sonication before the
sintering process, which enhances the uniform dispersion of CNTs/graphene in the matrix.
Eventually, uniform dispersal improves the density of the sintered composites [82], [83]. Ball
milling can break the interlayer van der Waals forces between graphene sheets, which results
in higher chances of uniform dispersion [84]. Exfoliation of graphite is also possible by ball
milling, which breaks the van der Waals forces and separates the sheets.

2.4.3. Sintering Routes
Several researchers have used several sintering techniques for the densification of CNTreinforced silicon nitride composites over the last decade. Hot pressing (HP), hot isostatic
pressing (HIP), gas pressure sintering (GPS), and spark plasma sintering, or the combination
of GPS and HIP have been used so far to produce Si3N4 + CNT composites [45–60]. Here,
extensively used techniques will be discussed.
Hot Pressing (HP): In hot-pressing (HP) technique, mechanical pressure is applied along
with high temperature (1500–1800 °C) to densify the powders, and the mechanical pressure
acts as a driving force to accelerate the rearrangement and sintering of particles. A schematic
diagram of the hot-pressing technique is given in Figure 2.8. This process can achieve highly
dense silicon nitride composites, and it is effective in improving the mechanical properties
than pressure-less sintering. Based on heating sources, it can be divided into three types: a)
inductive hot pressing, b) indirect resistance hot pressing, and c) field-assisted sintering
technique (FAST). In inductive hot pressing, the high-frequency electromagnetic field is
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applied by an induction coil. In case of indirect resistance hot pressing, the electric current is
used to heat the chamber, and the convection process heats the mold. The third way of heating
the sample is by applying an applied electric field, and this process was the base of a novel
technique called spark plasma sintering (SPS). This process shortened the sintering time,
lowered the grain growth, and saved energy.

Figure 2.8 - Schematic diagram of hot-pressing technique to densify the ceramic powders
[85].

Pasupuleti et al. [44] produced the monolithic and 1 wt% CNT-reinforced silicon nitride
composite by hot pressing at 1750 °C under 30 MPa pressure for 1 h holding time. They
achieved above 99% density of a monolithic silicon nitride, which results in high hardness
(HV = 15.7 GPa) and flexural strength (1046 MPa). In the case of 1 wt% CNT-reinforced
silicon nitride composite, they achieved >98.7% density with hardness (HV = 15.0 GPa) and
flexural strength (996 MPa).
Hot isostatic pressing (HIP): The hot isostatic pressing (HIP) technique has been used widely
in densifying the powders, including ceramic and metallic powders. High hydrostatic pressure
and high temperature are applied to compress and densify powder particles into coherent parts
[86]. Hydrostatic pressure is important to mention while describing the hot isostatic pressing
technique; otherwise, it will be considered hot-pressing. If only hydrostatic pressure is applied
without heating, then the process will be called cold isostatic pressing (CIP). In 1976,
Howmet Corporation company introduced a hot isostatic pressing technique for the first time
for the application to the aerospace industry [86]. The schematic diagram of the hot isostatic
pressing technique is shown in Figure 2.9. Usually, the HIP pressure is about several
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hundreds of MPa, and the optimum temperature range is 1600–1700 °C to achieve the highlydense material.

Figure 2.9 - Schematic diagram of hot isostatic pressing technique to densify the powders
[87].
HIP's fundamental procedure is to place powder mixtures into a steel container, and the
container is subjected to a high temperature in a vacuum environment to eliminate air and
moisture from the powder mixture. The container is sealed and subjected to a hot isostatic
process under inert gas pressure and high temperature, which promotes necking the powder
particles, eliminate voids (porosity) and establish strong bonds between particles and results
in a highly dense composite at the end of the process. Balázsi et al. [15] and Kovalcikova et
al. [48] prepared a CNT-reinforced silicon nitride composite by hot isostatic pressing and
achieved high density with better results in mechanical properties.
Both HIP and GPS are useful processes for densifying powders into complex shapes.
However, each process has pros and cons associated with the technique. From the perspective
of materials properties – high strength and reliability – the hot isostatic pressing (HIP) process
is the preferred technique for densification. It has ability to produce material with uniform
microstructures and compositional stability. But at the same time, high equipment and
processing costs needed for HIP are concerns.
Gas pressure sintering (GPS) can produce tailored microstructures with low costs but there
are some problems such as loss of volatile components (because no cladding during sintering
process, the volatile compounds can escape), reaction with the gas environment and low
efficiency to close surface pores. Low efficiency of closing pores might be unwanted for the
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densification of some specific ceramic components, such as bearings, where high surface or
near net-shape is required. Generally, GPS requires higher temperature than for HIP, hence
coarser microstructure is produced by GPS. However, overall processing cost are lower for
the GPS. The HIP has many advantages over other sintering techniques such as industrial,
economical, multiple samples can be densified in one-time, clean process and produce the
structure with uniform microstructure, highly dense, and good bonding.
Spark plasma sintering (SPS): Spark plasma sintering is considered a hot-pressing successor
because an electrical current is used to activate the sintering process. The name SPS has been
widely used in literature, even considering that pulse electric current sintering (PECS) is more
appropriate for such a sintering process [87]. Because plasma is not produced during this
process, and the name “plasma” for such a process does not make sense. In this novel
technique, the pulses of direct current (DC) and uniaxial pressure are applied to the sample
within a conductive die. The main difference between SPS and hot-pressing (HP) is the
application of current as many pulses for a very short interval of time, but, in the case of hot
pressing, one pulse of current is applied for a long time period [87]. During SPS, a shorter
sintering time is applied, restricting the grain growth and producing composites with a higher
density than other sintering techniques. The general principle is illustrated in Figure 2.10. The
device consists of a graphite die connected with graphite punches and a direct current (DC)
source. The graphite punches exert pressure up to 100 MPa, and the pulse of DC (10 V,
10kA) passes through punches, die, and powder particles [88]. The current pulses activate the
sintering between powder particles.
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Figure 2.10 - General principle of spark plasma sintering (SPS) [88].
SPS has been applied widely in producing the Si3N4 + CNT composites [14,49–52,55].
An optimum time range of 3–5 min has been reported to fabricate the silicon nitride-based
composites in the literature. The type of sintering technique has a significant role in achieving
a highly dense composite with mechanical improvement. It is always difficult to compare the
results produced by different conditions in different laboratories.

2.4.4. Role of porosity
The amount of porosity plays a detrimental role in many mechanical properties, and
CNTs are susceptible to inducing porosity in the composite during sintering. Balázsi et al.
found that CNTs (0 to 5 wt%) induced porosity, which caused the lowering of the elastic
modulus from approximately 260 to 70 GPa [18].

2.4.5. Interfacial reaction between Si3N4 and reinforcement
During the sintering process at a high temperature and under high pressure for a long holding
time, an interfacial reaction may occur between Si3N4 and carbon nanostructures. Mechanical
properties depend upon the interaction between matrix and reinforcement. If the interfacial
bonding is strong enough, the crack deflects along with the interface; the reinforcement
remains intact, which enhances the composites' toughening effect. If interfacial bonding is

37

weak enough, then the crack propagates easily through the intergranular path. If the interfacial
bond is too strong, the composite remains brittle, and transgranular fracture happens.
The layer of SiO2 on Si3N4 particle may react with CNTs and graphene, which results in the
formation of CO/CO2 gases. The surface reaction between SiO2 and graphene produces the
interfacial pores, which induce porosity and inhibit the bonding between graphene and silicon
nitride grains. If there are too many pores between graphene and silicon nitride grains, it will
have a negative impact on the strength. If there are a few micropores and some areas of
graphene in good contact with the silicon nitride grains, it positively impacts fracture
toughness. If graphene content is dispersed evenly and has a large area in contact with the
silicon nitride grains, the composites' external load may be transferred to graphene. If there
are a few intergranular nanopores, they lead to Si3N4 and graphene sliding along with each
other. The graphene can be pulled-out upon loading, and it enhances the energy dissipation
capacity of the composite. It has a positive and negative impact on the strength of the
composite. Bodis et al. [63] studied the effect of graphene incorporation on the toughening of
Si3N4 containing 1, 3, and 5 wt% multi-layer graphene, with special attention to the interface
phenomena between the matrix and the graphene reinforcement. They found that nanopore
developed at the Si3N4-multilayer graphene interface due to the reaction between carbon and
oxygen (i.e., SiO2) available on the topmost layer of the silicon nitride particles. Other
researchers also reported intergranular porosity formation in graphene-based ceramic
composites [89][84].
Ge et al. reported [61] the formation of SiC due to the reaction between CNTs and Si3N4
during the sintering. The equilibrium reaction between carbon and Si3N4 is given below
(Equation 2.1) [62,63]:
℃

Si N + 3C ⎯⎯⎯⎯⎯⎯⎯⎯ 3SiC + 2N -------------------- Equation 2.1
Si3N4 powder particles possess the surface oxygen in the form of the SiO2 nanolayer.
This oxygen-containing phase may react with the carbon phase (CNTs/graphene) at higher
temperatures and produce the CO and CO2 gases (Equation 2.2). The diameter of CNTs might
be reduced due to the loss of carbon due to a surface reaction between C and SiO2. Carbon
may cause a mass loss in the sintered samples during sintering because of the reduction of
SiO2.
 °

3SiO2 (l) + 6C (s) + 2N2 (g) ⎯⎯⎯ Si3N4 + 6CO --------------- Equation 2.2
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(2)

During sintering, it is more likely that the SiO2 is completely consumed in the partial
oxidation of carbon nanostructures (CNTs, graphene), and CO is no longer formed due to the
limited reactant oxygen.

2.5.

Testing methods for mechanical and tribological properties

It is essential to know the mechanical properties, structural integrity, and tribological
properties of a material in order to apply these materials in a specific environment where they
can sustain. For measuring these properties, there are testing methods that give us the
characteristics of a material. Due to the existence of many testing methods, comparing the
properties of materials was difficult because the materials preparation methods were different
by researchers. It was necessary to develop standard testing methods that are universally
acceptable and apply to all the materials prepared by various methods. Many testing methods
have been standardized and accepted by the international community. However, there are still
few testing methods are not considered very accurate to measure the specific property of a
material. Here, I will discuss the testing methods used to measure this work's properties and
give an insight into the testing methods.

2.5.1. Hardness
In general, hardness is a measure of resistance to localized plastic deformation caused by
indentation or abrasion, or scratch. There are different hardness testing forms, such as
indentation hardness, scratch hardness, electromagnetic hardness, and rebound hardness.
Indentation hardness testing is widely used to measure the hardness of a material, including
ceramics. Because indentation hardness testing is simple, more reliable, commonly practiced,
and the values can be compared easily with other researchers' results. The indentation
hardness is measured by applying a load (indenter) on a polished surface of a ceramic for a
specific period of time. The indenter leaves its impression (penetration) on the body and then
the depth of penetration is measured.
Indentation hardness measurements have several testing methods or scales, such as:
-

Berkovich indenter method,

-

Brinell hardness method,

-

Vickers microhardness method (square-based diamond pyramid),

-

Knoop method (rhombohedral-diamond pyramid),

-

Rockwell method (diamond cone).
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2.5.1.1.

Vickers microhardness method

The basic principle of Vickers hardness is to measure the ability of a material to resist plastic
deformation. The method was developed by Robert L. Smith and George E. Sandland in 1921
at a British company Vickers Limited [90]. They presented an indentation hardness method as
an alternative to the Brinell hardness method. A fundamental principle of the Vickers
hardness method and equipment are illustrated in Figure 2.11. The Vickers hardness testing
for ceramic materials is governed by this standard BS EN 843-4:2005 [91].
The Vickers hardness value is calculated according to the following formula (Equation 2.3):
  0.189



!

-------------------- Equation 2.3

Where, F is the applied load in N unit, d is a mean value of diagonals length in mm unit.

Figure 2.11 Vickers hardness test equipment was used for the current research work and b)
principle of Vickers hardness method. Author’s work
2.5.2. Fracture toughness
Fracture toughness is an essential property of a material that defines a material's ability to
resist the fracture. Fracture toughness of carbon nanostructures reinforced silicon nitride
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composites mainly depends on the content of β-Si3N4, uniform distribution of nanophase, and
toughening mechanism (crack bridging, pulling-out, crack deflection) in the composite. There
are several methods to measure fracture toughness, such as single-edged pre-cracked beam
(SEPB), chevron notched beam (CNB), the surface crack in flexure method (SCF), and
single-edged V-notched beam (SEVNB). However, in the literature, the fracture toughness of
Si3N4 composites was measured by the Vickers indentation fracture (IF) method. Vickers
indentation fracture method is a nonconventional and controversial method for measuring
fracture toughness, but it is widely used for research purposes. However, the Vickers
indentation fracture method (IF) has been criticized by the traditional fracture mechanics’
community due to unreliability, inaccuracy, and imprecision of this method [92], [93]. The
American Society Testing and Materials (ASTM) and European Committee for Standards
(CEN) have not recognized this technique as a standard testing method to measure fracture
toughness. But this method is widely used to report the data as a fracture toughness (KIC) of
ceramics. The traditional fracture mechanics community suggests that it would be best to
report the data as “indentation fracture resistance KIIFR,” which may or may not approximate
the fracture toughness KIC. The KIIFR measures the resistance to crack extension from a
particular type (Vickers) of indentation [94].
Why is the Vickers indentation method being used to measure fracture toughness? Sample
preparation is difficult for the traditional testing method because ceramics are brittle and
susceptible to fracture. Vickers indentation method has become well-known to measure
fracture toughness because (i) a small sample is needed, (ii) test piece preparation is simple,
(iii) the crack length is measured optically, and (iv) this method is quick and cheaper [93].
Based on the suggestion from the fracture mechanics community, the term “indentation
fracture resistance (KIIFR)” will be used instead of “fracture toughness (KIC)” in the thesis.
The principle of the test is that the Vickers indenter creates cracks along the edges of the
pyramid impression on the sample's polished surface. These crack lengths are measured, and
indentation fracture resistance is calculated based on crack lengths, load, hardness, elastic
modulus, and indentation diagonal size by using a different formula. Two kinds of cracks
occur most of the time: Palmquist cracks and semi-circular (half-penny) cracks. The
schematic illustration of cracks created by the indenter is shown in Figure 2.12.
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Figure 2.12 – The schematic illustration of cracks created by indenter [95].

In case of indentation cracks of the semi-circular (half-penny) shape, the indentation fracture
resistance is calculated by the Anstis Equation 2.4 [96]:
&

"# = 0.016 %'(

/

*

%+ ,/! ( -------------- Equation 2.4

Where E is Young's modulus, H is hardness, P is the applied load, c is the length of the crack.

In case of indentation cracks of the Palmquist shape, the indentation fracture resistance is
calculated by the Shetty equation [97]:
'- ⋅ *

"# = 0.0889 %

ℓ

(

/

---------- Equation 2.5

Where, HV is the hardness, P is the applied load, ℓ is the difference of the crack length from
the center of the indenter and the half-size of the diagonal (ℓ = c – a).

2.5.3. Flexural strength
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Flexural strength is a material’s ability to sustain the maximum stress before it yields or
fracture [98]. Flexural strength is measured by bending either 3 – point or 4 – point bending
test. Due to ceramics' brittleness, tensile testing is impossible because the preparation of the
specimen is difficult. So, the bending test is an alternative to measure the strength and stressstrain curve, and the preparation of specimens is easier. Bar or rod-like specimen is used to
subject under the bending test. The bending test has two types: 3 – point and 4 – point
bending test.
In a 3 – point bending test, the bar/rod is placed in tension, and the outer fibers are subjected
to maximum stress and strain (Figure 2.13 – a). Failure will occur when the strain or
elongation exceeds the material’s limits.
In the 4 – point bending strength, the stress is on four points in the specimen. The schematic
illustration of the bending test is given in Figure 2.13 – b.
A bending test can be also used to measure fracture toughness and fatigue properties. To
measure fracture toughness, a notch is created in the specimen and then subject it to a bending
test, and the procedure of this test is given in the standard ASTM E-1290. For fatigue
properties, the procedure is presented in this standard ASTM D7774.
In the case of 3 – point bending test (Figure 2.13 – a), the flexural strength (1* ) is measured
by the following formula Equation 2.6.
1* =

3

4 !

--------------- Equation 2.6

Where, 13P is flexural stress, F is the load (force) at the fracture point (N), L is length of the
support span, b is width, and d is thickness.
Measuring of flexural strength in case the of 4 – point bending test on rectangular specimen if
the loading span is 1/2 of the support span (Figure 2.13 – b) by Equation 2.7.
1* =

3

4 !

-------------------- Equation 2.7
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Figure 2.13 – Illustration of bending test: a) 3 – point bending test and its formula to
calculate the flexural strength; b) 4 – point bending strength and its formula to calculate the
flexural strength. Author’s work.

2.5.4. Tribological properties
Tribology is the study of interacting surfaces of two bodies [99]. Friction and wear happen as
the result of mechanically contacting and sliding two surfaces. The tribological study deals
with adhesion, friction, wear, and lubrication in all contacting areas. The factual knowledge of
tribology improves the service life, safety, and reliability of interacting machine components
and yields substantial economic benefits. There are two aspects of tribology: the first is
science, which deals with the primary mechanism, and the second is technology, which deals
with design, manufacture, and maintenance.
The standard test geometries used to study wear are pin-on-flat, four-ball, ring-on-flat, pin and
V-block, and rolling/sliding disk contact [100]. The importance of tribology can be realized
with an impact on the global economy. According to the calculation, 23% of the world’s
energy consumption is due to tribological issues. 20% of that is consumed to overcome the
friction, and 3% is used to reprocessing the worn parts [101].
Wear test is performed to predict the wear performance and wear mechanism of a material
used in tribo-system. Friction and wear are two primary components of the tribo-system. The
coefficient of friction (COF) (µ) is a dimensionless quantity and defined as the ratio between
frictional force (FS) and normal force (FN) (Equation 2.8) [102].
5 

6

7

------------ Equation 2.8
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Wear is removal material as a result of interacting with surfaces of two bodies. The worn
material is quantified as weight loss or volume loss. Measurement of wear is done by different
techniques such as precision balance to measure the weight (mass) loss, profiling surfaces, or
using a microscope to measure the wear depth or cross-sectional area of a wear track.
The wear rate (W) is volume loss (V) per total sliding distance (L) and applied load (F), and
its unit is (mm3/Nm) (Equation 2.9).
8 =

9

3x

;;,

:; x <= ---------------- Equation 2.9

Where, W is wear-rate, V is volume loss in mm3, L is the length of sliding distance in m, and
F is load in N.
The different types of wear which are given below:
-

Adhesive wear,

-

Abrasive wear,

-

Fatigue wear,

-

Chemical wear,

-

Erosional wear,

-

Vibrational wear,

-

Cavitation wear.

Tribological tests configurations
There are several types of configurations for tribological tests (Figure 2.14):
-

Point contact configuration (Ball-on-plate, Ball-on-disc),

-

Linear contact (Block-on-ring, Pair V block-on-pin),

-

Plane contact (Block-on-plate, Pin-on-disc).
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Figure 2.14 – Several types of test configurations to measure the tribological properties of a
material [103].
2.5.5. Wear Mechanism
Wear occurs due to the mechanical failure of the local surface and categorizes different types
of mechanisms. The deterioration of the surface happened due to a single or combination of
multiple wear mechanisms. Friction and wear are not mechanical properties, but they are
closely related to materials' mechanical properties. In some instances, silicon nitride's
hardness and fracture toughness are considered the most essential properties in meeting wear
requirement [104].
The wear rate depends on the degree of abrasive penetration into the surface of the material
under abrasion. Particles that cause wear usually have sharp edges to cut or shear the solid
under the wear [105]. Several wear mechanisms, such as abrasion, adhesion, micro-fracture,
and delamination, separate or combined, contribute to the wear damage in ceramic-ceramic
sliding and rolling contacts [106]. Figure 2.15 illustrates a typical wear mechanism in
ceramics [106].
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Figure 2.15 – Typical wear mechanism in ceramic materials [106].

The purpose of carbon nanofillers in the silicon nitride matrix is to reduce the friction and
wear rate during the sliding of two surfaces. The carbon nanofillers should be enabled to act
as lubrication. Lubrication has three main regimes, e.g., fluid film lubrication, boundary
lubrication, and mixed lubrication. The graphene and CNTs may protect the surface from
mechanical and chemical wear and promotes local hydrodynamic lift. This enables a gradual
transition from mixed lubrication conditions to hydrodynamic lubrication in the tribological
system.
A general wear mechanism in silicon nitride ceramics, the grains are detached from the
surface during the sliding. These grains cause the abrasion and pronounce the effect of
wearing. In general, worn debris were formed by the action of the micro-abrasion mechanism,
being compacted during the motion of the sliding pairs. If CNTs and graphene are present in
the worn debris, then the worn debris serves as lubrication and overcomes friction. GonzalezJulian et al. [76] observed one of the examples in in-situ CNTs/Si3N4 composites; the debris
were well adhered to the surface, which protected it against wear.
In summary, four factors are important in enhancing the tribological properties of carbon
nanostructures reinforced silicon nitride composites:
1) uniform distribution of carbon nanostructures in the matrix,
2) load transfer efficiency of carbon nanostructures,
3) structure stability of reinforced nanostructures during processing in the matrix,
4) interfacial bonding between reinforcement and matrix.
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3. Experimental Part
3.1.

Experimental program

The experimental works were carried out at the Institute of Technical Physics and Materials
Science – Hungarian Academy of Sciences (MFA-MTA-EK), Budapest, Hungary and
Institute of Materials Research – Slovak Academy of Sciences (Division of Ceramic and NonMetallic Systems), Košice, Slovakia. The experimental scheme is given in the diagram
(Figure 3.1). According to the diagram, three different silicon nitride systems were prepared
by hot isostatic pressing (HIP) or gas pressure sintering (GPS), these sintered systems were
characterized by different techniques (SEM, TEM, HRTEM, EDX, and XRD) and followed
by testing of their mechanical and tribological properties. Each system will be discussed in
the following chapters separately and followed by a conclusion with future work.

Starting
powders

No.

Systems

1

Monolithic Si3N4
systems

Oxidation
time (h)

Sintering
method

Sintering
Temperature

HIP

1500 & 1700
°C

0
> – Si3N4

Detailed
Study in
Chapter 4

10
20
0

2

Si3N4 + 3 wt%
MWCNTs

> – Si3N4

Chapter 5

10

HIP

1700 °C

20
3

Si3N4 + 1 wt%
graphene

> – Si3N4

HIP

0

GPS

1700 °C

Chapter 6

Characterization of systems by SEM, TEM, HRTEM, EDX, XRD

1. Testing of basic mechanical properties (Vickers hardness, flexural strength, Young’s modulus)
2. Testing of tribological properties (COF, wear rates, wear mechanisms)

Conclusion & further challenges
Figure 3.1 – experimental program
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3.2.

Characterization techniques and methods used for the current work

After a brief discussion about the mechanical and tribological testing methods, the
characterization methods and techniques are described, which were used to investigate current
work.

3.2.1. Ceramographic preparation of samples
Grinding and polishing
After hot isostatic pressing, the sintered samples were cut into rectangular shape. The sintered
samples were subjected to a grinding process to prepare the smooth surface with a precise
dimension of 3.5 × 5 × 50 mm. After griding, the samples were polished with polishing
papers with a decreasing order of abrasive particles.

3.2.2. Density
The apparent densities of the sintered samples were measured by a standard Archimedes
method using distilled water as an immersion medium at room temperature, according to
Equation 3.2.
?@ E?AB ;CE

(;C

?@ B ;C · GDE

(;C

;D )
;D )

------------ Equation 3.1
------------- Equation 3.2
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Where, ?@ is the density of sintered sample (g/cm3), ?A is the density of water at room
temperature (≈ 1 g/cm3), H@ is the mass of sintered sample in the air (g), and HA is the mass
of the sintered sample in the water (g).

3.2.3. Transmission electron microscopy (TEM)
TEM was carried out only for the base powders of α - Si3N4 before and after oxidation.
Transmission electron microscopy (TEM, Philips CM-20) with an accelerating 200 kV
voltage was used for the microstructural characterization of the oxidized and un-oxidized
powders.

3.2.4. Energy dispersive X-ray spectroscopy (EDX)
EDX was carried out only for the base powders of α - Si3N4 before and after oxidation.
Energy-dispersive X-ray spectroscopy (EDS) was used for the qualitative analysis of the base
powders (un-oxidized and oxidized Si3N4 powders) to quantify elemental compositions. EDX
was used to quantify the atomic oxygen percent in the powder before and after oxidation.

3.2.5. High resolution transmission electron microscopy (HRTEM)
High-resolution transmission electron microscopy (HRTEM, JEOL3010) with an accelerating
voltage of 300 kV was used for the nano structural analysis of the oxidized powders and
sintered samples. HRTEM helped to figure out the nano-layer of SiO2 film on the α - Si3N4
powder particles after the oxidation.

3.2.6. Scanning electron microscopy (SEM)
The microstructures, fractured surfaces, and wear mechanisms of the tested materials were
examined by scanning electron microscopy (SEM, LEO 1540 XB).

3.2.7. X-ray diffraction spectroscopy (XRD)
XRD is a rapid analytical technique primarily used to identify phases of a crystalline material
and provide information on unit cell dimensions. The phase composition of starting powders
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and sintered samples were analyzed using an X-ray diffractometer (Bruker AXS D8) with Cu
Kα radiation.

3.3.

Mechanical and tribological testing used for the current work

The following techniques were used to measure the mechanical and tribological properties of
sintered samples.

3.3.1. Vickers hardness
Vickers hardness tester (Leitz Wetzi AR, Germany) was used to indent the polished surface of
all investigated systems by an indenter of a squared diamond pyramid with a top angle of
136° into a material by an applied load F (10 N), for 10 seconds. 10 Vickers indentation per
sample were introduced after the polishing to a 0.1 µm surface roughness. The Vickers
hardness (Hv) was calculated through the formula (Equation 2.3). The Vickers hardness
testing standard (BS EN 843-4:2005) for ceramic materials was followed to measure samples'
hardness.

3.3.2. Indentation fracture resistance (KIIFR)
To determine the fracture indentation resistance of investigated systems, the Vickers
indentation method was used. At least 10 Vickers imprints per samples were introduced with
a load of 10 N. Optical microscopy with a scale was used to determine the length of
propagated radial cracks, and the Shetty formula (Eq. 2.5) was used to determine the fracture
indentation resistance (KIIFR).

3.3.3. Elastic modulus and flexural strength
Elastic modulus and flexural strength (3 – and 4 – point bending strength) of sintered samples
was measured by bending tests on a tensile/loading machine (INSTRON-1112). The flexural
strength was calculated using formulae (Equations 2.6 and 2.7).

3.3.4. Tribological Properties
As there are several configurations for tribological tests, which have been described above in
Figure 2.14. Here, the point contact configuration (Ball-on-plate, Ball-on-disc) was adopted to
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analyze experimental materials' tribological behavior. For monolithic Si3N4 systems, ball-ondisc point contact configuration was used while ball-on-plate for carbon nanofillers reinforced
silicon nitride composites (Si3N4 + 3 wt% MWCNTs and Si3N4 + 1 wt% Graphene).
For monolithic Si3N4 systems, the tribological measurements were performed using HighTemperature Tribometer THT (CSM, Switzerland) and a Si3N4 ball (D=5 mm) with
roughness IJ  0.025 5H under dry sliding conditions at room temperature with 51 ± 10%
humidity. The normal applied load was 5 N, which corresponds to a Hertzian pressure of ∼
1.27 GPa, the sliding speed was 0.05 m/s with a data acquisition rate of 5.2 Hz and the sliding
distance was 1000 m. Before the tribological measurements, the sample surfaces have been
polished to a surface roughness below Ra = 0.05 μm.
For carbon nanofillers reinforced Si3N4, the tribology measurements were carried out on
equipment UMT 3 (Bruker) using the reciprocating ball-on-plate technique. The wear
behavior of the experimental materials was studied in dry sliding in air. The tribological
partner was a highly polished (roughness Ra < 0.10 μm according to ISO 3290) Si3N4 ball
with a 6.35 mm diameter.
For Si3N4 + 3 wt% MWCNTs systems, the applied load was 13.5 N with sliding speed of 10
cm/s and sliding distance of 720 m. The Hertzian contact pressure was ∼ 2 GPa. The
experiments were realized at room temperature at the relative humidity of 40 ± 5%.

For Si3N4 + 1 wt% graphene systems, the tribological tests were carried under two different
loads of 13.5 N and 5 N with sliding speed of 10 cm/s and sliding distance of 720 m. The
Hertzian contact pressures was 2 GPa under 13.5 N load and 0.8 ∼ 0.9 GPa under 5 N load.
The experiments were realized at room temperature at the relative humidity of 40 ± 5%.

3.3.5. Coefficient of friction and wear rate
Coefficient of friction (COF) (µ) was measured by a formula (Equation 2.8). The wear rates
(W) were measured based on the volume loss (V) per total sliding distance (L) and load (F)
according to the Equation 2.9.
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4. Monolithic Si3N4 systems
4.1.

Starting powders

Commercial α – Si3N4 powders (supplied by Ube, SN-ESP) containing >95% α-phase were
used as starting powders to fabricate specimens. The compositional details of the starting
powder are given in Table 4.1.
Table 4.1 - Compositional details of starting powder Si3N4. [107]
Type

Grade Specific
Surface
Area
(SSA) m2/g
Standard SN6̴8
Grade
ESP
(ESeries)

Oxygen C
Cl
Fe
Ca
Al
α-phase
(wt%) (wt%) (ppm) (ppm) (ppm) (ppm) content
(wt%)
<2

0.1

< 100

16

1

3

>95

The starting silicon nitride powders, containing high fractions of α-phase, were subjected to
the oxidation process and divided into three groups:
Batch 1: As received un-oxidized α – Si3N4 powder
Batch 2: α – Si3N4 powder was oxidized at 1000 °C for 10 hours in an ambient air
environment
Batch 3: α – Si3N4 powder was oxidized at 1000 °C for 20 hours in an ambient air
environment
4.1.1. Oxidation process of starting powders
The oxidation of the starting powder was done at a high temperature for two different time
regimes to introduce oxide phases in the form of amorphous SiO2 films on nanoparticles
(approximately average size in between 100 nm ~ 600 nm) of α – Si3N4 powders. The
oxidation process is demonstrated in Figure 4.1. The 100 grams of bulk powder was placed in
a muffle furnace (type NABERTHERM L 1) in an ambient air environment. The process was
carried out carefully to follow the industrial practice. Two following strategies of oxidation
were adopted:
1. Oxidation of α – Si3N4 powder at 1000 °C for 10 hours in the ambient air
environment.
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2. Oxidation of α – Si3N4 powder at 1000 °C for 20 hours in the ambient air
environment.
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Figure 4.1 – Oxidation process of starting powders: a) Batch 2 oxidized at 1000 ° C for 10 hours; b) Batch 3 oxidized at
1000 ° C for 20 hours.

4.1.2. Sintering aids
Due to covalent bonding and low diffusivity, Si3N4 cannot be densified by dry sintering
without any additives. The addition of sintering additives is needed to create a liquid-phase
sintering process, which results in full densification [16]. In the present work, Al2O3 and Y2O3
were used as sintering aids. Al2O3 and Y2O3, as sintering additives, have been widely used in
several works [42] [108]. Al2O3 (Alcoa, A16) and Y2O3 (H. C. Starck, grade C) were used 4
wt% and 6 wt% of the total amount of powder, respectively (Table 4.2). Before the milling
process, polyethylene glycol (PEG) as a surfactant agent and ethanol were added to powder
mixture. The surfactant helps neutralize electrostatic charges, lower the surface tension, and
improve the solution's rheological properties.
Table 4.2 – Composition of powder mixture.
α – Si3N4 (wt%)

Al2O3 (wt%)

Y2O3 (wt%)

Batch 1: Unoxidized

90

4

6

Batch 2: 10 hours oxidized

90

4

6

Batch 3: 20 hours oxidized

90

4

6

4.1.3. Milling process
Wet milling was chosen to mill the powder mixtures because it is a useful technique in
achieving fine powder [109]. Ethanol (C₂H₆O) was used for wet milling. The use of ethanol is
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helpful to lower the surface energies of the powder particles, less deterioration of milling
media (jar, balls and agitators). These three powder mixtures were subjected to the ball
milling one by one to mix and reduce the size of the powder particles. The particles’ average
size was in the range of 50 nm ~ 500 nm. The attritor ball mill (Union Process, type 01HD/HDDM) is equipped with a jar, a cooling water pipe connection, a metallic shaft equipped
with zirconia-agitating discs, and zirconia balls as grinding media. Zirconia (ZrO2) balls (1
mm diameter) were used as grinding media. The combined impact and shearing actions of
balls enhance the milling efficiency. The powders have milled at a speed of 4000 rpm for 4
hours. The powder was dried at 150 °C and sieved through sieving with a mesh number of
150 µm.

4.1.4. Fabrication of green samples
The powder was pressed in a metallic mold by a hydraulic pressing (H Type Frame, 4-Pillar
Type) under 200 MPa pressure for 5 seconds to fabricate green samples. These prepared
samples are called green samples or green bodies before a firing process to eliminate retained
ethanol (C₂H₆O) and PEG from the samples. The schematic diagram explains the fabrication
of green samples (dry pressing process) (Figure 4.2).

Figure 4.2 - Dry pressing process (Fabrication process of green bodies).
4.1.5. Densification of powders by hot isostatic pressing (HIP)
Hot isostatic pressing (HIP) densifies the powder in a furnace at a high temperature and
pressure. The inert gas is used to act pressure uniformly in all directions to provide isotropic
properties and full densification. The sintering process was carried out in the hot isostatic
pressing (HIP) – ABRA SHIRP 8/16-200-2000 machine for the present work.
The green samples were densified by HIP at two different temperatures:
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1. Densified at 1500 °C and 20 MPa pressure in the N2 gas environment for 3 hours a
holding time.
2. Densified at 1700 °C and 20 MPa pressure in the N2 gas environment for 3 hours a
holding time.
Two different temperatures were selected to optimize the effect of sintering temperature on
the final product's structural and mechanical properties. The heating regime is given in Figure
4.3. The heating rate was 25 °C/min. The detail of sintered samples is given in Table 4.3.

a)

2500

b)

2500

0.8 MPa

0.8 MPa

Pressure = 20 MPa

Pressure = 20 MPa

2000

180 minutes

Temperature (°C)

2000

Temperature (°C)

180 minutes
1500

1000

Sintering at 1500 °C

1500

1000

Sintering at 1700 °C
500

500

0

0
0

50

100

150

200

250

300

0

350

50

100

Time (minutes)

150

200

250

300

350

Time (minutes)

Figure 4.3 - Heating scheme during sintering process.
Table 4.3 – Detailed information of sintered samples
No.

SN-15/0

SN-15/10h

SN-15/20h

SN-17/0

SN-17/10h

SN-17/20h

Oxidation
Time (hrs)

0

10

20

0

10

20

Sintering
Temperature
(˚C)

1500

1500

1500

1700

1700

1700

Apparent
Density
(g/cm3)

3.330

3.303

3.27

3.431

3.387

3.352
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U

, (11:1)

V

 .

, (2.9:1)

V.

, (2.2:1)

 .U

Average size 39.39
of
β-Si3N4 4.4
(nm)

± 39.65 ± 4.5

37.14 ± 4.1

60.81± 8.4

Average size 52.53
of
Si2N2O 4.4
(nm)

± 55.18 ± 4.5

51.90 ± 4.1

37.72
8.4

4.2.

56.75 ± 8.3

± 62.71 ± 8.3

56.37 ± 8.5

64.18 8.5

Investigation of starting powders

The oxidized and un-oxidized α – Si3N4 powders were examined using SEM and TEM
techniques. The SEM and TEM images of oxidized and un-oxidized starting powders are
given in Figure 4.4.
TEM images of starting powders

SEM images of starting powders

Agglomeration

a) Unoxidized silicon nitride powder (Batch-I)

Agglomeration

b) 10 hours oxidized silicon nitride powder (Batch-II)
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Agglomeration

c) 20 hours oxidized silicon nitride powder (Batch-III)
Figure 4.4 - TEM and SEM images of starting powders: a) Un-oxidized silicon nitride
powders (Batch-I); b) 10 hours oxidized silicon nitride powders (Batch-II) and c) 20 hours
oxidized silicon nitride powders (Batch-III).
Based on SEM and TEM results, it was observed that the morphology, shape, and size of
powder particles were similar before and after oxidation (Figure 4.4). Some agglomeration of
smaller particles of powder was also observed in both oxidized and unoxidized powders. The
particle size of starting powders was in the range of 50 ∼ 500 nm range. On microscopic
examination, it was challenging to observe the effect of oxidation on powders. Further
investigation was needed to analyze the impact of oxidation.
To analyze the oxidation process's effectiveness, EDX was performed for quantitative
analysis to confirm the presence of atomic oxygen in the powders before and after oxidation.
Figures 4.5 and 4.6 present the energy dispersive spectroscopy results of starting powders
with the possible present amount of atomic oxygen. According to EDX results, it was
observed that the atomic percent of oxygen increased in the powders with the oxidation time.
As increase of atomic oxygen in powders, it confirms that the oxidation process was
successful.
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Figure 4.5 – Energy Dispersive Spectroscopy (EDS) results of starting powder silicon nitride:
a) without oxidation; b) after 10 hours oxidation; c) after 20 hours oxidation.

Figure 4.6 - Oxygen atomic percent present in the powders with respect to their oxidation
time.
For further analysis of oxidized powders, the high-resolution transmission electron
microscopy (HRTEM) was carried out. Based on HRTEM results, an amorphous SiO2 film
was observed on the silicon nitride powder particles after oxidation (Figure 4.7). No film was
detected on particle surface of un-oxidized powder. In case of 10 hours oxidized powders, up
to 1.5 nm thick SiO2 film was witnessed. Up to 4 nm thick silica (SiO2) was found on
powders oxidized for 20 hours at 1000 °C. The thickness of this amorphous layer increased
with the increase of oxidation time. The thick film might act as a protective layer on the
particles and slows down further oxidation. The formation of SiO2 layer on the silicon nitride
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powder particles was a result of a reaction between Si3N4 and O2 at a higher temperature
(Equation 4.1)[110].
q

WX Y + 3Z [⎯⎯⎯⎯ 3WXZ + 2Y ---------- Equation 4.1

Figure 4.7 - HRTEM results of starting powders: a) before oxidation, Batch-I; b) after 10
hours oxidation, Batch-II; c) after 20 hours oxidation, Batch-III.
X-ray diffraction (XRD) was performed to identify phases in starting powders before and
after oxidation. XRD results of as received starting powder Si3N4 confirmed the presence of
only α phase according to the JCPDS PDF (01–076-1407) (Figure 4.8). XRD could not find
any structural or phase change in the powders after the 10- and 20-hours of oxidation. A
bump of overlapped peaks (no sharp peak with high intensity except a peak of crystalline α Si3N4 phase, indicated with a red circle) was observed in the range of 2θ = 15–22° in XRD
spectra. (Figure 4.8). The bump behavior in spectra represents the presence of an amorphous
phase. This amorphous phase was SiO2, which was formed as a result of oxidation 1000 ºC.
XRD detected the main Brag’s peaks of silicon oxynitride (Si2N2O) in the same range of 2θ =
15–22° after the sintering process. It confirms that SiO2 was formed after the oxidation
(Figure 4.9). The amount of amorphous SiO2 phase is less than the threshold amount for
detection by XRD. So, no significant peak for SiO2 was observed in the oxidized powders.
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A small
bump of
peaks

Figure 4.8 - X-ray Diffractograms of as received starting powder Silicon Nitride before and
after oxidation.

4.3.

Investigation of sintered samples

4.3.1. Structural investigation
A few new phases were detected in the sintered samples by XRD. The XRD spectra revealed,
the structural peaks of the α phase and β phase of Si3N4, silicon oxynitride (Si2N2O), and ZrO2
phases were detected (Figure 4.9). ZrO2 is hypothesized as the contamination originated from
the milling media (ZrO2 balls). The α Si3N4: JCPDS PDF (01-076-1407), β Si3N4: JCPDS
PDF (00-33-1160), Si2N2O: JCPDS PDF (00-47-1627) and Y- doped ZrO2: JCPDS PDF (0083-0944) were identified. Y-doped zirconia is present due to the Y2O3 as a sintering additive
[111]. The complete transformation of α to β phase of Si3N4 was found, and the α grains were
dissolved in a liquid phase and precipitated as β phase in the samples sintered at 1700 ˚C. On
the other hand, samples sintered at 1500 ˚C, the incomplete transformation was observed
because the sintering temperature was lower than the transformational temperature [112]
[113].
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a)

b)

Figure 4.9 - XRD spectra of sintered samples: a) samples sintered at 1700 ° C and b) samples
sintered at 1500 ° C.
4.3.2. Mechanism of in-situ growth of Si2N2O and α- to β- Si3N4 transformation
Figure 4.10 illustrates the mechanism of the in-situ growth of Si2N2O in the silicon nitride
matrix. Si2N2O was formed from the reaction of SiO2 and Si3N4 in the presence of the liquid
phase. The oxidized powders contained oxygen, which caused the formation of Si2N2O in the
presence of the liquid phase.
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In the first stage, the SiO2 formed on the Si3N4 powder particles’ surface according to
Equation 4.1. In the second stage, Si2N2O was formed as a result of a reaction between
SiO2 and Si3N4 in the presence of an N2 gas environment during the sintering process
(Equation 4.2)[114][115][116].
WXZ  WX Y → 2WX Y Z ---------- Equation 4.2
During the sintering process, an Al-Y-O-N based supersaturated liquid was formed, and the
reaction between SiO2 and Si3N4 occurred (Equation 4.2). In the first step, Si3N4 and SiO2
were dissolved into the liquid phase as Si, N, and O. Then in the second step, these (Si, N, O)
diffused through the liquid phase towards the growth of Si2N2O and finally attached to the
growing Si2N2O crystals. Tsai and Raj [114] proposed a model for the Si2N2O growth through
the dissolution of Si3N4 in a glassy phase based on Mg-Si-O-N. The proposed model by Tsai
and Raj, with a slight modification, validates the growth mechanism of Si2N2O in the present
study.
Moreover, α- to β- Si3N4 transformation also happened simultaneously with the formation of
Si2N2O. During the sintering, a supersaturated liquid phase based on Si-Al-Y-O formed, and
α-Si3N4 was dissolved in this liquid and re-precipitated as a β phase. This hypothesis supports
Hampshire and Jack’s work [117].

Figure 4.10 - Illustration of mechanism of in-situ growth of Si2N2O in Si3N4 matrix (Author’s
work).
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The phase composition was calculated from the XRD data using Full Pattern Matching EVA
software. Based on the calculation, the maximum content of β- Si3N4 was found to be ~
78 wt% in an un-oxidized sample (SN-17/0), sintered at 1700 °C (Table 4.3). The overall
obtained amount of β-phase decreased with the oxidation time (Figure 4.11 – a) while the
Si2N2O phase increased linearly with the oxidation time (Figure 4.11 – b). These findings are
consistent with the study of Park et al. [118]. They also showed that β- phase decreased with
the increase of Si2N2O.
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Figure 4.11 – The composition of different phases in the examined systems: a) β - Si3N4 phase
and b) Si2N2O phase.
In samples sintered at 1700 °C, the Si2N2O phase increased and β- Si3N4 decreased
simultaneously (Figure 4.12 – a). The amounts of Si2N2O and β-Si3N4 phases could be
optimized with optimizing the oxidation time; the graph (Figure 4.12 – a) shows Si2N2O
increases and β- Si3N4 decreases equally with increasing oxidation time. In the sample
sintered at 1500 °C, the growth rate of the Si2N2O phase was slightly higher than the
transformation rate of α to β- phase of Si3N4 (Figure 4.12 – a). It was hypothesized that the
Si2N2O’s formational temperature was lower than α to β transformational temperature while
the Si2N2O was almost a similar amount at 1500 °C and 1700 °C. The 23 wt% and 25 wt% of
Si2N2O was detected in the sintered samples at 1500 °C and 1700 °C, respectively, while βcontent was different at both temperatures; this was the indication that Si2N2O was formed at
a lower temperature than the α to β transformational temperature. The crystallite size of βphase in all samples decreased with oxidation time, but the crystallite size of Si2N2O
increased with the increasing oxidation time (Table 4.3). A higher content of oxygen in
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starting powders favored the formation of Si2N2O and hindered the crystallite growth of βSi3N4.
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Figure 4.12 - β - Si3N4 and Si2N2O phases composition in the systems: a) in samples sintered
at 1500 °C and b) in samples sintered at 1700 °C.
Based on XRD results, the in-situ grown Si2N2O phase was an orthorhombic structure, and its
amount was a function of oxidation time. A few researchers reported the decomposition of
Si2N2O phase above 1500 °C (Equations 4.3 and 4.4) due to the addition of sintering aids of
Li2O above their threshold amount [119][120][121].
3WX Y Z (]) → 2WX Y (]) + 3WXZ(^) + Y (^) ------ Equation 4.3
2WX Y Z(]) + 3Z (^) → 4WXZ(^) + 2Y (^) ------ Equation 4.4
The current study contradicts such results, no decomposition of Si2N2O was observed above
1500 °C; it might be due to the proper selection of sintering aid and their optimized amount.
Mitomo et al. [122] reported that high pressure of N2 (98 to 980 kPa) suppresses the
decomposition of Si2N2O and the reaction (Equation 4.4) becomes reversible at high pressure
of N2 and in this way the Si2N2O is preserved. In the present work, the N2 pressure was higher
(20 MPa) than the suggested pressure of N2 (0.98 MPa) by Mitomo et al. [122]. So, the
adopted parameters for sintering were suitable to preserve the Si2N2O in the current work.

4.4.

Mechanical properties

4.4.1. Vickers hardness
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Figure 4.13 shows the Vickers hardness of sintered samples. The samples sintered at 1500 °C
showed higher Vickers hardness than that of samples sintered at 1700 °C. A higher amount of
α-Si3N4 was present in the samples 1500/0, 1500/10h, and 1500/20h than that of samples
1700/0, 1700/10h, and 1700/20h. The α-phase of Si3N4 is harder than the β-Si3N4. The αSi3N4 has long stacking sequence ABCDABCD... while β-Si3N4 has ABAB…[13]. Longer
stacking sequence results in the α-Si3N4 higher hardness than the β-Si3N4 [123]. The higher
content and smaller grain size of α-phase in samples sintered at 1500 °C (1500/0, 1500/10h,
and 1500/20h) contributed to the hardening of the material, so higher hardness values were
observed in these samples. These Vickers hardness values of the investigated systems are
much higher than many reported values in the literature [46]–[49], [53], [55], [124]. The
higher Vickers hardness was attributed to higher density and presence of hard phase Si2N2O
in the systems.
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Figure 4.13 - Vickers hardness (HV) values of samples sintered at 1500 °C and 1700 °C.
4.4.2. Flexural Strength
The α/β ratio and Si2N2O phases influence the mechanical properties. The 4 – point bending
strength of samples sintered at 1500 ˚C was in the range of 300 ÷ 320 MPa (Figure 4.14). This
value decreased slightly with increasing oxidation time. The samples sintered at 1700 ˚C
exhibited two times higher 4 – point bending strength than that of samples sintered at 1500
˚C, and the values are within the range of 600 ÷ 775 MPa (Figure 4.14). Un-oxidized sample
(1700/0) with the highest 78% of β-Si3N4 phase showed the highest value and followed by
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1700/10h and 1700/20h. The flexural strength started decreasing with the oxidation time. The
decrease in flexural strength is because of the reduction in β-phase in the samples. The βphase is rod-like elongated hexagonal grains which act as a reinforcing agent in the matrix
and strengthen the composite. The decrease in strength can be seen with the increase of
oxidation time in Figure 4.14. The ratio β-Si3N4/Si2N2O is a vital factor to optimize the
flexural strength. The desired flexural strength can be achieved by optimizing the ratio βSi3N4/Si2N2O. The ratio β-Si3N4/Si2N2O is connected to the oxide phases in the starting
powders.
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Figure 4.14 - 4- point bending strength of samples sintered at 1500 °C and 1700 °C.
A similar tendency for 3 – point bending strength was observed in all sintered samples
(Figure 4.15). The β-Si3N4 phase decreased with the increase of oxidation time, which
lowered the samples' strength. The strength of sample 1700/0 is higher because it has the
highest content of β phase. The reason for reduced flexural strength for samples sintered at
1500 ˚C is porosity and incomplete transformation α to β phase of Si3N4. The presence of
internal porosity was revealed by the morphological study of fractured surfaces of all samples
sintered at 1500 ˚C (Figure 4.18), and the porosity contributed to decreasing the flexural
strength. The fracture was nucleated from the porous sites and propagated through intergranular and trans-granular sites.
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Figure 4.15 – 3 – point bending strength of samples sintered at 1500 °C and 1700 °C.
4.4.3.

Young’s Modulus

As the elastic modulus (E) identifies the stiffness of material, it was measured in the range
between 240 and 260 GPa (Figure 4.16). The elastic modulus depends on porosity, grain
boundary phases, texture, and relative contents of α and β phases. The value for the samples
sintered at 1500 ˚C was almost relative, and no effect of oxidation time on the elastic modulus
was observed as compared to samples sintered at 1700°C. The elastic modulus of 1700/0,
1700/10h, and 1700/20h decreased with the increase in oxidation time. It was witnessed a
similar decreasing tendency with the increasing oxidation time as the samples' bending
strength values.
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Figure 4.16 - Young's modulus (E) of samples sintered at 1500 °C and 1700 °C.

4.4.4. Indentation fracture resistance (KIIFR)
The indentation fracture resistance (KIIFR) values of all the samples sintered at 1500 ˚C were
in the range of 10 ÷ 11 MPa·m1/2 (Figure 4.17). The sample SN-1500/20h showed the highest
fracture resistance among the samples sintered at 1500 ˚C.
The systems sintered at 1700 ˚C exhibited fracture resistance in the range of 8 ÷ 13 MPa·m1/2.
The sample SN-1700/0 presented the highest fracture resistance, 13 MPa·m1/2, among all the
samples. The reason for the highest resistance might be the maximum amount of β phase (78
wt%) present in the sample SN-1500/20h among all samples (Figure 4.11 – b). β - Si3N4
phase contributes to toughness due to its elongated hexagonal structure. At the same time,
SN-17/20h possess a higher amount of β phase (56.4 wt%) than the systems sintered at 1500
˚C but displayed the lowest value of fracture resistance. In general, high density and high
amount β phase in the structure result in higher fracture resistance. Here, the obtained results
have significant scattering, and it is difficult to conclude the relation of these values with
microstructure features or processing techniques.
Park et al. [118] reported the higher indentation fracture resistance (KIIFR) with a higher
amount of Si2N2O in the sample, but this study disagreed with this fact and reported the
decrease in indentation fracture resistance with increasing content of Si2N2O. The obtained
values of samples sintered at 1700 °C are higher than the reported values of silicon nitride
ceramics in the literature [71] [52][46].

70

Figure 4.17 – Indentation fracture resistance of systems sintered at 1500 °C and 1700 °C.
4.4.5. Fractographic analysis of sintered samples
Figure 4.18 shows the SEM images of fractured surfaces of sintered samples during the
bending tests. Samples sintered at 1500 °C consists mainly of α-Si3N4, Si2N2O and traces of
β-Si3N4 grains. In comparison, samples sintered at 1700 °C consists mainly of β- Si3N4 grains
and Si2N2O. It is evident that samples sintered at 1500 °C contains more porosity than that of
samples sintered at 1700 °C. The SEM images also reveal the nature of fracture while
measuring the flexural strength. The fracture was inter- and transgranular. Due to the smaller
grain size and porosity in samples sintered at 1500 °C, the crack-path was shorter than that of
samples contain larger grains like β- Si3N4. Overall β- Si3N4 is tougher than α- Si3N4, βSi3N4 grains act as reinforcement in the matrix. There is also evidence of pulling-out of β
grains. The β grains fractured when the stress reached the threshold value of the strength of β
grains.

SEM images of fractured surfaces of samples

SEM images of fractured surfaces of

sintered at 1500 °C

samples sintered at 1700 °C
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a) Fractured surface of SN-15/0

b) Fracture surface of SN-17/0

c) Fracture surface of SN-15/10h

d) Fracture surface of SN-17/10h

e) Fracture surface of SN-15/20h
f) Fracture surface of SN-17/20h
Figure 4.18 – SEM images of fractured surfaces of sintered samples

4.5.

Tribological Properties

4.5.1. Coefficient of friction (COF)
Figure 4.19 shows the coefficient of friction (COF) values as a function of sliding distance for
six types of samples. The sample sintered at 1500˚C (SN-15/0) showed the maximum friction
coefficient of 0.809 ± 0.019. In contrast, the sample sintered at 1700˚C (SN-17/0) exhibited
the minimum friction coefficient of 0.650 ± 0.041. In general, there are three identified stages
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in the tribological process as sliding proceeds, and those stages are the so-called run-in stage,
steady-state stage, and catastrophic stage [125]. The run-in stage is the first stage that occurs
when the wear process starts, and this stage lasts for a short period of time. During this stage,
the sliding surfaces act in accordance with each other, that normal load is evenly distributed
over the surfaces. The wear rate is relatively high during this stage of the tribological process.
During the steady-state stage, the friction and wear rate are usually low and almost stable and
last until the severe surface damage starts. During this stage, the measured frictional forces
and wear rate are considered important in characterizing the mating-surfaces' long-standing
tribological properties. In the catastrophic stage, the wear rate and surface damage become
severe, and consequently, components fail.

In my case, I defined 0 - 40 m of sliding distance as a run-in stage and 40 – 1000 m as a
steady-state. The average friction coefficients and average wear rates were measured not only
in the running stage, but in the steady state conditions, as well. In the case of systems sintered
at 1500 ˚C (SN-15/0, SN-15/10h, and SN-15/20h), the friction coefficient (COF) during the
run-in stage was lower than the COF during the steady-state conditions (Figure 4.19 – c).
In the case of systems sintered at 1700 ˚C (SN-17/0, SN-17/10h, and SN-17/20h), the
situation was the opposite; the COF during the run-in stage was higher than the COF during
the steady-state conditions (Figure 4.19 - c).
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Figure 4.19 - Coefficient of friction (COF) of sintered samples: a) COF of samples sintered at
1500 °C SN-15/0, SN-15/10h and SN-15/20h; b) COF of samples sintered at 1700 °C SN17/0, SN-17/10h and SN-17/20h; c) COF of sintered samples in run-in (0-40 m) and steadystate stage (40-1000 m).
4.5.2. Wear rate
The average wear rate during the run-in stage (0 – 40 m) was seven times higher than the
wear rate during steady-state conditions (40 – 1000 m). The wear rates of the investigated
systems are given in (Figure 4.20). It was observed that the steady-state conditions were
dominant from 40 – 1000 m in the sliding distance and the catastrophic stage is far from this
point.
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b)

Figure 4.20 - Wear rate of sintered samples: a) Total wear rate of samples; b) Wear rates
during the run-in stage (0-40 m) and steady state (40-1000m).
The wear rate was calculated for every 100 m of sliding distance. The wear rate was very high
during the run-in stage (0-40 m), and it decreased exponentially after the run-in stage (Figure
4.21). Stable wear started at 400 m of sliding in systems sintered at 1500 ˚C, while in the case
of samples sintered at 1700 ˚C, the constant wear began after 200 m of sliding. The primary
reason for the constant wear was the Hertzian contact pressure, which decreased due to the
increase of the total contact area, resulting in a lower wear rate and kept the systems operating
in a steady wear stage. The secondary reason was the formation of tribo-film, which was
worn-out when the frictional forces exceeded the critical limit. Throughout the sliding
distance, the wear rate was constantly low. Overall, the wear rates for samples sintered at
1500 ˚C were lower than that of samples sintered at 1700 ˚C. The lowest wear rate with the
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value of 1.224 x 10-4 was measured for sample SN-15/10h, and the highest wear rate with the
value of 3.451 x 10-4 was observed for sample SN-17/10h. The lower wear rate may be due to
the amount of α - Si3N4 phase in the structure. For instance, the fraction of α phase was
highest in the sample SN-15/10h, and its wear rate was the lowest among all systems.
a)

b)

Figure 4.21 - Wear rates at every 100 m distance up to 1000 m, the wear rate decreased
exponentially after 100 m sliding distance: a) samples sintered at 1500 °C and b) samples
sintered at 1700 °C.

4.5.3. Wear Mechanism
Figure 4.22 is a SEM image of the wear track, and the labeled areas identify the types of wear
occurred. The main identified wear mechanisms in all examined samples were a tribochemical reaction and a mechanical wear (abrasive wear). Similar wear mechanisms were
observed in all systems, so only a few SEM images of wear tracks were presented here. The
tribo-film was formed due to the tribo-chemical reaction, and the area is characterized by a
relatively flat surface. The mechanical wear (abrasive wear) area is characterized by a rough
surface and accumulated wear debris. The tribo-chemical reactions form a tribo-film on the
surface, and that film was partially removed when the load and frictional forces exceeded the
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threshold limit during the sliding. Figure 4.22 shows the example of such tribo-film and their
following fracture on the worn surfaces.

a)

b)

d)

c)

Figure 4.22 - SEM image of wear track and the worn areas are labeled with arrows and
elliptical circles to identify its respective wear mechanisms: a) wear track of SN-17/0 and b)
wear track of SN-17/0 at higher magnification; c) wear track of SN-17/20h and d) wear track
of SN-17/20h at higher magnification.
A material’s reaction to a wear environment does not merely depend on its intrinsic
properties. Rather, it is a response to the complex chemistry of stresses imposed by a counterpart in the tribological environment [126]. The contact geometry, speed, load, temperature,
lubrication, and humidity are also important variables in the tribosystem to measure the wear
properties of a material. Materials engineers need some models to predict the response of a
material in a tribological system. For this purpose, several analytical models have been
developed to rank materials based on their intrinsic properties [127][128][129][130][131]. All
the models are similar and assume that subsurface lateral fracture is responsible for material
removal during abrasive wear. Evans and Marshall [128] developed an analytical model for
lateral-cracks chipping to analyze the mechanism of material removal rate (∆V) in brittle
ceramics, in which material removal is caused by abrasive wear. The model is described by
the following equation (Equation 4.5):
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Where, V is material removal rate (volume loss), α is the material-independent constant, PN is
the normal load, KIIFR, HV, and E are the indentation fracture resistance, Vickers hardness,
and Young’s modulus, respectively, of the abraded material, and ℓ is the sliding distance. By
gathering all of the material-specific constants into one parameter, β, the equation (Equation
4.5) can be expressed as:
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The relationship between the parameter β and the wear rate is shown in Figure 4.23.

Figure 4.23 - Wear rate vs β parameter of sintered samples.
The graph shows that examined systems have no consistent correlation between wear rate and
β parameter. Some researchers have found a good correlation between wear rate and the β
parameter of the investigated systems [132]. My findings on the correlation between wear rate
and β parameter have a good agreement with the studies of Doğan and Hawk [126]. They also
found deviations from this model in their studies. It is difficult to conclude that the wear rate
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is dependent on one property of the system. It is also noted that the systems with low COF did
not demonstrate a lower wear rate. The samples which contained a comparatively higher
amount of α-Si3N4 showed a high COF, but at the same time, they exhibited a low wear rate.
The low wear rate was probably due to the high hardness of α - Si3N4 present in the samples.
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5. Si3N4 + 3 wt% MWCNTs composites
After developing and investigating monolithic silicon nitride systems (as discussed in
previous chapter 4), this chapter is dedicated to the development of silicon nitride reinforced
with multi-walled carbon nanotubes (MWCNTs). This chapter will give an overview on the
preparation method, microstructural analysis, mechanical and tribological properties of
composites.

5.1.

Preparation of Si3N4 + 3 wt% MWCNTs composites by HIP

5.1.1. Starting powders
The starting powders, α-Si3N4 (Ube, SN-ESP) [107], used for the development of this
composite, were in three forms:

a) As received, α-Si3N4 powder (un-oxidized) used as a reference (SN-CNT/0).
b) 10 h oxidation of α-Si3N4 powder at 1000 ˚C in ambient air environment (SN-CNT/10).
c) 20 h oxidation of α-Si3N4 powder at 1000 ˚C in ambient air environment (SN-CNT/20).
The oxidation process of starting powders has been discussed in chapter 5.

5.1.2. Sintering aids
Similar to previous composites, Al2O3 (supplier company: Alcoa, A16) and Y2O3 (supplier
company: H.C. Starck, grade C) were used as sintering additives for the development of
MWCNTs added composites. Before the milling process, the three powder mixtures were
prepared. For each powder mixture, 4 wt% Al2O3, 6 wt% Y2O3, polyethylene glycol (PEG)
surfactants, and ethanol were added.

5.1.3. Milling process
The wet milling process was carried out in a high attritor mill. Each batch was milled
separately in a 750 cm3 zirconia tank. The grinding media was ZrO2 made balls with a
diameter of 1 mm and the agitator discs. This milling process was performed with a high
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rotation speed of 4000 rpm for 4 hours. The 3 wt% multi-walled carbon nanotubes
(MWCNTs) were added in each batch of mixtures and mixed them for 30 minutes on the 600
rpm in attritor mill. After the addition of MWCNTs, the mixture was milled on a low rpm to
avoid carbon nanotubes' damage. The MWCNTs were produced by the catalytic chemical
vapor deposition (CCVD) method [133]. The amount of MWCNTs was chosen carefully. A
large number of nanotubes may cause densification inhibition [58] [47], hinder α- to βtransformation of Si3N4, agglomeration of nanotubes, and induce porosity in sintered samples.
The details of Si3N4 powders and their characteristics are given in Table 5.1.
Table 5.1 – Detailed information about the Si3N4 powders and their characteristics.
SN-CNT/0

SN-CNT/10

SN-CNT/20

Oxidation time (h)

0

10

20

Oxidation temperature (˚C)

0

1000

1000

α–phase content (wt%)

>95

>95

>95

Crystallinity (wt%)

>99.5

>99.5

>99.5

5.1.4. Fabrication of green samples
Like previous composites, the powders were pressed in a metallic tool die by a hydraulic
pressing under 200 MPa pressure for 5 seconds. These prepared samples are called green
samples (bodies) before a firing process to eliminate retained ethanol (C₂H₆O) and PEG in
samples. The green bodies process has been described by a schematic diagram above in
chapter 4 and Figure 4.2.

5.1.5. Densification of powders by hot isostatic pressing (HIP)
The green bodies were subjected to the sintering process. The green bodies were sintered at
1700 °C under 20 MPa pressure in an N2 gas environment for 3 hours as a holding time. The
heating regime has been described earlier in chapter 4 and Figure 4.3. The heating rate was 25
°C/min. The detail of the sintered samples is given in Table 5.2.
These composite systems were sintered only at 1700 °C because this sintering temperature
1700 °C was optimum in achieving complete α-Si3N4 to β-Si3N4 transformation and better
mechanical properties than that of applying lower sintering temperature.
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Table 5.2 – Detailed information about the sintered samples of 3 wt% reinforced Si3N4
composites.

5.2.

No.

SN-CNT/0

SN-CNT/10

SN-CNT/20

Oxidation Time (hrs)

0

10

20

Sintering Temperature (˚C)

1700

1700

1700

Apparent Density (g/cm3)

3.161

3.199

3.235

Average size of β-Si3N4 (nm)

46.6 ± 4.4

48.1 ± 4.9

44.8 ± 4.8

Investigation of starting powders

5.2.1. Structural investigation
The X-ray diffractogram of starting α-Si3N4 powders with 3 wt% MWCNTs before and after
oxidation are shown in Figure 5.1. No structural changes were observed, including phase
transformation from α to β-Si3N4 before and after oxidation of starting powders at 1000 °C.
The structural peaks correspond mainly to α-Si3N4 ZrO2 and Y2O3, according to the JCPDS
PDF (01-076-1407), JCPDS PDF (00-83-0944), and JCPDS PDF (01-089-5591),
respectively. MWCNTs were supposed to have a peak at 2θ = 26.228 position according to
JCP2:01-075-162, but the present amount of MWCNTs was below the detection limit of
XRD. The zirconia (ZrO2) contamination was originated from the grinding media during the
milling process.
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Figure 5.1 - X-ray diffractogram of starting powders after milling process.
5.2.2. Microstructural analysis of starting powders
Although XRD did not detect the presence of MWCNTs in the starting powder, while SEM
image evidenced the incorporation of MWCNTs in the starting powders (Figure 5.2). SEM
images showed no significant damage of MWCNTs, and the length of MWCNTs fibers is up
to 8 to 10 µm, and the diameter is 10 to 30 nm (Figure 5.2). The particle size of silicon nitride
was reduced from 50 ÷ 500 nm to 30 ÷ 300 nm after milling. The agglomerations of powders'
small particles might be a mixture of sintering additives and zirconia (Figure 5.2). The
agglomeration, clustering of MWCNTs, and network of MWCNTs around α - Si3N4 grains
were also observed in some areas of starting powders (Figure 5.2).
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Figure 5.2 – SEM images of starting powders after milling process, MWCNTs presence are
evident in all powders: a) SN-CNT/0; b) SN-CNT/10; c) SN-CNT/20.

5.3.

Investigation of sintered samples

5.3.1. Structural investigation
Figure 5.3 presents the XRD analysis of sintered samples. XRD diffractogram revealed the
complete α to β transformation of Si3N4 after sintering at 1700 ˚C for 3 hours holding time in
the nitrogen environment (Figure 5.3). Two main phases, β- Si3N4 (JCPDS PDF-00-33-1160)
and Y-ZrO2 (JCPDS PDF-00-83-0944), were identified by XRD diffractogram of all sintered
composites (Figure 5.3). Other phases, including carbon, was not detected by XRD due to
their lower amount than the detection limit. SEM technique was again helpful; the SEM of
fractured surfaces revealed the presence of MWCNTs (Figure 5.7). Surprisingly, Si2N2O was
not found in any of the sintered samples. Si2N2O was supposed to be formed during sintering
because of the presence of SiO2 content in starting powders. Previously, Si2N2O was formed
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by the oxidization of starting powders, and its effects on the mechanical properties were
observed. The reason for disappearing of Si2N2O might be the reaction occurred between the
SiO2 and carbon nanotubes. According to Equation 2.2, CO/CO2 might be at a higher
temperature during sintering, which reduced the amount of carbon in the sintered samples.
The release of carbon by the oxidation in the composite has been reported by other
researchers, too [134] [108].
The SiO2 was more likely consumed in the partial oxidation of MWCNTs during sintering
and did not form Si2N2O phase.
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Figure 5.3 - X-ray diffractogram of sintered samples: black diffractogram represents SNCNT/0, red diffractogram represents SN-CNT/10 and blue diffractogram represents SNCNT/20.
5.3.2. Apparent Density
The apparent density of sintered samples was measured by the Archimedes method and given
in Table 5.2. Apparent density increased slightly with the oxidation time, which attributes to
the gases in the form of CO/CO2 escaped from the bulk during the sintering process.

5.4.

Mechanical properties

5.4.1. Vickers hardness
Figure 5.4 illustrates the Vickers hardness of 3 wt% MWCNTs reinforced Si3N4 composites.
The hardness of the investigated composites increased with increasing oxidation time of the
Si3N4 powder. The maximum hardness was measured for samples containing 20 hours85

oxidized powders, and the lowest hardness value was measured for the reference sample (SNCNT/0). The low hardness values compared to the monolithic ceramics prepared using the
same oxidized Si3N4 powders (~17 GPa) can be explained by a low density and relatively
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Figure 5.4 – Vickers hardness of sintered composites: a) Vickers hardness increased slightly
with the oxidation tine; b) the influence of apparent density on the hardness of the
investigated systems.

5.4.2. Flexural Strength
A similar tendency was found for bending strength values. The powders' oxidation time
positively influences the density of the investigated systems, which has a positive influence
not only on hardness but also on bending strength values.
The 4 – point bending strength of samples SN-CNT/0 (un-oxidized), SN-CNT/10, and SNCNT/20 were 249.5 MPa, 263.25 MPa, and 296.6 MPa, respectively (Fig 6.5-a). The
composite SN-CNT/20h showed almost 2% higher density than that of SN-CNT/0, which
resulted in 16% higher flexural strength (Figure 5.5 – c).
A similar tendency was found in the 3 – point bending strength of samples SN-CNT/0 (unoxidized), SN-CNT/10, and SN-CNT/20 was 313.25 MPa, 332.0 MPa, and 360.4 MPa,
respectively (Figure 5.5 - b). Relatively low bending strength was caused by the present
porosity and agglomeration/clusters of MWCNTs in the composites and the MWCNTs
located between β-Si3N4 grains and weakened the bonding between the grains. A higher
strength value in the case of 3 – point bending mode can be explained by a lower effective
volume in 3 – point bending mode compared to the 4 – point mode and with a lower
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probability of presence strength decreasing-defects close to the tensile surface of the samples.
Balazsi et al. [135] reported a similar relation between density and flexural strength. They
reported that flexural strength of investigated composites increased with the increase of
density.
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Figure 5.5 – Flexural strength of sintered samples: a) 4 – point bending strength; b) 3 – point
bending strength and c) 4 – and 3 – point bending strength with respect to apparent density of
sintered samples.
5.4.3. Young’s Modulus
The values of Young’s modulus of sintered samples also showed a relationship with the
apparent density of sintered samples. Young’s modulus of sintered samples increased with the
increasing value of samples’ densities (Figure 5.6).
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Figure 5.6 – Young’s modulus of investigated system increased with the oxidation time.
5.4.4. Fractographic analysis of fractured surfaces
Fractographic analyses have been performed on the specimens' fracture surfaces after the
bending strength test (Figure 5.7). Micro-fractography revealed no such areas as fracture
origin, mist, mirror, and hackle are present in any of the fractured surfaces. Usually, in high
strength structural ceramics, such characteristics regions (mist, mirror, and hackle) appeared
around the fracture origin [136]. Due to such areas, this is easy to identify the fracture origin.
It would be worth to mention what are these characteristic regions. A flat area immediately
surrounding the fracture origin is called a mirror. An outer region of the mirror looks like a
halo is called a mist. A region with ridges outside the mist region is called a hackle. One of
the reasons behind such areas' appearance is the release of strain energy during crack
propagation [136].

Micro-fractography shows no significant differences in the microstructure and fracture of
investigated composites. These composites' microstructure consists of β – Si3N4 grains with
an average grain diameter of approximately 0.35 µm and with an average length of 1.1 µm
similar to the grain dimension for the systems prepared without CNTs addition. The
composites contain pores with size approximately 1 to 10 µm often filled with bundles of
CNTs. The composite with more prolonged oxidation of starting powders has less porosity.
The fracture’s characteristic is mixed inter and intragranular, pulled out of CNTs bundles with
length up to 20 µm.
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CNT between β-Si N grains
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Figure 5.7 – Fracture’s characteristics of investigated composites: a) SN-CNT/0; b) SNCNT/10h and c) SN-CNT/20h.

5.5.

Tribological properties

5.5.1. Coefficient of friction (COF)
The wear test revealed that in all cases was friction after a short initial stage (in order of
meters) rather stable and reproducible. There are no significant differences in the investigated
composites' friction coefficients over the test running distance and show values between 0.6
and 0.7 during the sliding distance (Figure 5.8). The COF is in the run-in stage and steadystate stage, almost relatively similar. This result is in very good agreement with the work by
Hvizdos et al. [66]. They found a similar or even higher coefficient of friction for
Si3N4/MWCNTs composites, and the COF started to decrease only when the MWCNT
content reached 5 wt% [66].
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Figure 5.8 - Coefficient of friction of investigated systems: a) Overall average COF along the
sliding distance, and b) Average COF in run-in stage and steady state stage.
5.5.2. Wear Rate
Figure 5.9 shows the wear rate of all the systems. The wear rate decreased with the oxidation
time, and this improvement is attributed to the increase of apparent density. Due to the
different technicality of tribo-machine, Wear rate during the run-in, and steady-state could not
be calculated. Still, the overall wear rate is lower than that of monolithic systems. Similarly,
as in the case of hardness and bending strength, the increased density had a positive influence
on the wear resistance of the investigated composites, and with increasing density, the wear
volume was decreasing.
Wear rate
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Figure 5.9 - Wear rate of investigated systems.
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6. Si3N4 + 1 wt% graphene composites
After discussing the monolithic and MWCNTs reinforced silicon nitride systems in chapters 4
and 5, this chapter will comprise the graphene reinforced silicon nitride systems.

6.1.

Preparation of Si3N4 + 1 wt% graphene composites

The starting powder 90 wt% α - Si3N4 (Ube, SN-ESP), and sintering aids 4 wt% Al2O3
(Alcoa, A16) and 6 wt% Y2O3 (H.C. Starck, grade C), polyethyleneglycol (PEG) surfactants,
and ethanol were added to the powder mixture. These mixtures were milled in a highly
efficient attritor mill (Union Process, type 01-HD/HDDM) equipped with zirconia agitator
delta discs (volume of 1400 cm3) and zirconia grinding media (diameter of 1 mm) in a 750 ml
tank. Each batch contained ZrO2 as contamination, which originated from the grinding media.
The milling process was performed with a high rotation speed of 3000 rpm until 4.5 h.
Three types of commercially available graphene nanoplatelets were added as reinforcements
(Figure 6.1):
1. exfoliated graphene nanoplatelets (xGnP-M-5) [137]
2. exfoliated graphene nanoplatelets (xGnP-M-25) [137]
3. nano graphene platelets (Angstron N006-010-P) [138]
1 wt% of each graphene’s type was added to α-Si3N4 powders and milled with low rotational
speed, 600 rpm until 30 min. The milling with low rpm and shorter time was performed to
avoid damaging the graphene reinforcements particles.
The substance was dried and sieved with a filter with a mesh size of 150 mm. Green samples
(green bodies) were obtained by dry pressing at 220 MPa. Before sintering processing, the
green bodies were heat treated at 400 °C for 4 hours.
Two different sintering processes were performed to densify the powder compacts to observe
the effect of the sintering process on the prepared composites' mechanical and tribological
properties. The sintering processes are given below:
1. Hot isostatic pressing (HIP): Hot isostatic pressing (HIP) was performed at 1700 °C in
high purity nitrogen by a two-step sinter-HIP method using BN embedding powder at
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20 MPa, with 3 h holding time. The heating rate did not exceed 25 °C/ min. The
dimensions of the as-sintered specimens were 3.5mm x 5mm x 50mm.
2. Gas pressure sintering (GPS): Gas pressure sintering (GPS) was performed at 1700 °C
in high purity nitrogen using BN embedding powder at 2 MPa, with no holding time.
The heating rate did not exceed 25 °C/min. The dimensions of the as-sintered
specimens were 3.5 mm × 5 mm × 50 mm.
Detailed information about the prepared composites are given in Table 6.1.
Table 6.1 - Details of materials and parameters of preparation
Starting Powders (wt%)
No.

Carbon

Type of

Sintering Conditions
Holding

Pressure

time

(MPa)

Sintering

Si3N4

Al2O3

Y 2O 3

(wt%)

additives

T (°°C)

SN-1

90

4

6

0

-

1700

-

2

GPS

SN-2

90

4

6

1

1700

-

2

GPS

1700

-

2

GPS

1700

3h

20

HIP

1700

3h

20

HIP

xGnP-M25

Technique

Angstron
SN-3

90

4

6

1

N006-010P

SN-4

90

4

6

1

SN-5

90

4

6

1

6.2.

xGnP-M25
xGnP-M-5

Investigation of starting powders

6.2.1. Microstructural analysis
Figure 6.1 presents the morphology of graphene added in the Si3N4 matrix [139]. According
to the technical data sheet provided by the supplier, the particles have an average thickness of
approximately 6 to 8 nanometers and a typical surface area of 120 to 150 m2/g. These
commercial graphene platelets are exfoliated. Exfoliation is vital for graphene, as its
precursors have layered structures held together through ionic and van der Waals forces [140].
Exfoliation involves the separation of platelets from one another, and it enhances the degree
of dispersion and integration in the matrix.
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Figure 6.1 – SEM images of reinforcements: a) exfoliated graphene nanoplatelets (xGnP-M5) with 5 5H particle size; b) exfoliated graphene nanoplatelets (xGnP-M-25 with 25 5H
particle size); c) nano graphene platelets (Angstron N006-010-P) [139]; d) graphene platelets
in starting powders.

6.3.

Investigation of sintered samples

6.3.1. Apparent density
The apparent densities of sintered samples were measured by the Archimedes method. The
hot isostatic pressed (HIP) samples showed a slightly higher density than samples sintered by
gas pressure sintering (GPS). The HIP is preferred to achieve full density during the sintering
process. Table 7.2 shows the values of the density of sintered samples. The 1 wt% graphene
added Si3N4 composites have higher density, and it shows that 1 wt% of reinforcement is an
optimum choice to achieve high density. As many properties depend on density, the positive
effect of high density should be realized in mechanical and tribological properties.
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Table 6.2 – Apparent density of sintered samples.
Materials

Apparent Density (g/cm3)

SN-1

3.329

SN-2

3.301

SN-3

3.297

SN-4

3.375

SN-5

3.379

6.4.

Mechanical Properties

6.4.1. Micro Vickers Hardness
Figure 6.2 shows the Vickers hardness values of sintered samples. The hardness values of all
the samples are relative to each other. The highest values were observed for the SN-1 sample,
and the hardness slightly decreased with the addition of 1 wt% graphene nanoplatelets. As
compared to MWCNTs added silicon nitride composites, these hardness values are higher.
Based on these values, the material can be applied to the engineering sector under the load.
Higher addition (above 1 wt%) of graphene may inhibit the densification process and induce
more porosity, which results in lower mechanical properties as lower mechanical properties of
3 wt% MCWNTs reinforced silicon nitride composites [141].
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Figure 6.2 – Vickers hardness of investigated systems.
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6.4.2. Indentation fracture resistance (KIIFR)
The indentation method was used to measure the composites’ fracture resistance. This method
was used because of the smaller size of specimen size than the required size for a standard
fracture toughness test. Figure 6.3 presents the fracture resistance values for the sintered
samples. The GPS silicon nitride shows slightly lower fracture resistance in comparison to the
silicon nitride prepared by the HIP. The highest value of fracture resistance was recorded for
the sample SN-4 reinforced with exfoliated graphene nanoplatelets with 25 5H particle size
densified by the HIP. The high value may tribute the uniform dispersion of graphene, larger
particle size, high density and good bonding with the silicon nitride matrix grains due to the
processing technique. However, this is early to conclude what did parameter contribute to
fracture resistance because the SN-2 also contains the same type of graphene but exhibited the
lowest fracture resistance.

Figure 6.3 – Indentation fracture resistance (KIIFR) of investigated systems.
6.4.3. Fractographic analysis
Analysis of fractured surfaces is essential to identify the nature of cracks and their
propagation, microstructure, and bonding between reinforcement particles and matrix. The
scanning electron micrographs reveal the fracture surfaces (Figure 6.4) [139]. These
micrographs show not only the dispersion but the local contacts between the β - Si3N4 grains
and graphene platelets. Here, only selected results for samples sintered at HIP are presented.
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The white arrows show embedded graphene's location in the matrix β - Si3N4 grains in the
micrographs. Uniform dispersion of graphene was observed in the composites. 1 wt% of
reinforcement is a small amount, and the uniform dispersion is easier, but it is difficult to
realize its influence on the properties. Despite uniform dispersion of graphene, the graphene
particles induced porosity in the matrix as well. A possible solution to this issue is to separate
the nanosheets and prevent agglomeration during the process.

Figure 6.4 – SEM fractured surfaces of sintered materials: a) SN-5 ; b) SN-4 and C) SN-3.
[139].

6.5.

Tribological Properties

6.5.1. Coefficient of friction (COF)
Figure 6.5 demonstrates the coefficient of friction (COF) under 5 N and 13.5 N loads in the
run-in stage (0 – 40 m) and steady-state stage (40 – 720 m) for the investigated systems. After
the run-in stage, the coefficient of friction under the testing conditions was stable for all
studied systems. The average coefficient of friction in steady – state was between 0.40 to 0.47
under a 5 N load. In the case of an experiment under 13.5 N, average COF was perceived in
the range of 0.55 ~ 0.69. Generally, higher COF under higher load and lower COF under
lower load might be due to the Hertzian contact pressure. Higher load exerts higher contact
pressure which response to high COF.
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The lowest coefficient of friction under both loads, 5 N and 13.5 N, was recorded for SN-1
prepared by gas pressure sintering. At the same time, SN-5 responded with the highest COF
under both loads, 5 N and 13.5 N.

Figure 6.5 – Coefficient of friction of investigated composites: a) COF under 5 N loads; b)
COF of composites during (0-40 m) and 40-720 m) under 5 N load; c) COF under 13.5 N
loads; d) COF of composites during (0-40 m) and 40-720 m) under 13.5 N load.
6.5.2. Wear rate
Figure 6.6 shows the wear rates under loads of 5 N and 13.5 N for the investigated systems.
The investigated systems' wear rates are in the range of 10-6 ~ 10-7 mm3/N.m. Overall, the
wear rates of systems under 5N loads are lower than that of systems under 13.5 N. The lowest
wear rate was observed for SN-1 under both loads 5 N and 13.5 N. The highest wear rate was
recorded for SN-4 under the load of 13.5 N. The obtained results do not show a correlation
with the microstructure features, reinforcements impact, or processing technique. Further
investigation is needed to prove the effect of reinforcements or processing techniques on the
composites’ wear properties.
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Figure 6.6 – Wear rates of silicon nitride composites with 1 wt% of different types of
graphene under 5 N loads and 13.5 N loads.
6.5.3. Wear Mechanism
The investigated composites’ wear tracks were analyzed by SEM to identify wear
mechanisms. Identical wear mechanisms were identified in all investigated systems, so
selected images are presented here (Figure 6.7). The worn surface of the SN-1 was relatively
smooth, with only a small amount of abrasion groves and adhered debris. Under the higher
load (13.5 N), micro-crack formation and spalling layers were also observed. Based on SEMEDX results, the white spots correspond to ZrO2 containing phase, and the ZrO2 was
originated from milling media.
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Sliding direction

Figure 6.7 – Wear mechanisms identified by SEM: a) wear tracks for SN-1 under 5 N and
13.5 N; b) wear track under 13.5 N with higher magnification, microcracking; c) wear track
under 5 N load with higher magnification; d) wear track of SN-4 under 5 N load.
Figure 6.8 reveals the inside of wear track of sample SN-5 under 5 N load prepared by the
HIP with the reinforcement of 1 wt% exfoliated graphene nanoplatelets with a particle size of
5 5H. SEM image of the wear track reveals it seems to contain more plastic deformation in
the wear tracks. It was also observed that tribo-film was formed and broken. It can be seen the
worn-out particle’s composition shows the formation of tribo-film and its removal when the
frictional forces surpassed the threshold value (Figure 6.8). The SEM image also revealed that
graphene platelets integrated well and bonded strongly with the Si3N4 grains.
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b)

a
)

Figure 6.8 – Wear mechanisms in sample SN-5 under 5 N load identified by SEM: a) a worn
film on the surface; and b) elemental composition of worn film.
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7. Conclusion
Novel findings are summarized as follows:

1. I demonstrated that in-situ Si2N2O could be produced in the Si3N4 matrix by
oxidizing the starting powders at 1000 ˚C, adding oxides (4 wt % Al2O3, 6 wt%
Y2O3) as sintering aids, and densifying the powders compacts by hot isostatic
pressing (HIP) at 1500 or 1700 ˚C in an N2 gas environment under 20 MPa
pressure for 3 hours.
It was demonstrated successfully that the production of in-situ Si2N2O is feasible by oxidizing
the starting powders. For the first time, the in-situ Si2N2O was produced by adopting the
techniques described earlier in the Chapter 4. The starting powders α - Si3N4 were oxidized at
1000 °C in an ambient environment for 10 and 20 hours. As a result of oxidation, a nanolayer
of amorphous SiO2 was formed on α - Si3N4 particles, according to the Equation 4.1.
The formation of the SiO2 layer was confirmed by HRTEM results (Figure 4.7) and EDX
analysis (Figures 4.5 and 4.6).
During the sintering process, the Si2N2O was nucleated due to a reaction between Si3N4 and
SiO2 (Equation 4.2).
The presence of the Si2N2O phase was confirmed by XRD analysis (Figure 4.9). The
mechanism of the in-situ growth of Si2N2O has been described in Figure 4.10. The amount of
Si2N2O increased with an increasing amount of oxygen content in starting powders, which is a
function of oxidation time (Figure 4.11 – b).
2. I demonstrated that the Si2N2O phase could be preserved above 1500 °C by
applying a high pressure of N2 (20 MPa) gas during sintering and a suitable
selection of sintering aids (Al2O3 and Y2O3).
It has been proved here that the formation of Si2N2O started at a lower temperature than the α
to β- transformation temperature, and the higher concentration of oxygen in starting powders
favored the formation of Si2N2O and hindered the crystallite growth of β- Si3N4 (Figure 4.12
– b). Contrary to other researchers' findings, Si2N2O was found stable above 1500 °C in the
current work. A few researchers reported the decomposition of Si2N2O phase above 1500 °C
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(according to Equations 4.3 and 4.4) due to the addition of sintering aids of Li2O above
their threshold amount.
The Si2N2O phase above 1500 °C can be preserved by adopting a high pressure of N2 (20
MPa) gas during sintering and a suitable selection of sintering aids (Al2O3 and Y2O3). XRD
spectra of sintered composites confirms the presence of Si2N2O phase (Figure 4.9).
3. I demonstrated that α - Si3N4 can be fully transformed to β - Si3N4 phase during
hot isostatic pressing at 1700 °C under a pressure of 20 MPa of N2 gas.
The complete transformation of phase α-Si3N4 to phase β-Si3N4 is possible by optimum
conditions hot isostatic pressing (HIP) at 1700 °C for 3 hours holding time under a pressure of
20 MPa of N2 gas. β-Si3N4 is tougher than that of α-Si3N4 because of its elongated hexagonal
structure and β phase acts a self-reinforcing agent in the matrix and its presence induced the
toughening effect and enhanced the fracture toughness. The amount of β phase is crucial to
improve the fracture toughness. The β phase was decreased, and the indentation fracture
resistance (KIIFR) was also decreased in the samples produced by HIP at 1700 °C (Figure
4.17). The highest indentation fracture resistance (KIIFR) values were achieved in the sample,
which contained the highest amount of β phase. Here, it was proven that sintering temperature
1500 °C is lower for the complete phase transformation and mixed α and β phases were
achieved (Figure 4.9 – b). By optimizing the sintering temperature, the mixed phases α and β
can be achieved in the composite, and the desired ration of α/β can be achieved by optimizing
the sintering temperature, holding time, and gas pressure.
4. Monolithic Si3N4 – processed from oxidized and un-oxidized α-Si3N4 powders
sintered at 1500 °C and 1700 °C by HIP under a pressure of 20 MPa of N2 gas –
exhibited higher values of Vickers hardness, flexural strength and Young’s
modulus as compared to MWCNTs reinforced silicon nitride composites
processed from oxidized and un-oxidized α-Si3N4 powders sintered at 1700 °C by
HIP under a pressure of 20 MPa of N2 gas. The addition of carbon nanotubes was
detrimental to the mechanical properties of silicon nitride.
Comparatively, higher mechanical properties (Vickers hardness, flexural strength, Young’s
modulus) were achieved in the case of monolithic silicon nitride systems, and the mechanical
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properties were decreased with the addition of 3 wt% multi-walled carbon nanotubes
(MWCNTs).

Figure 7.1 shows that all monolithic silicon nitride systems densified by HIP either at 1500 or
1700 °C exhibited higher Vickers hardness under 10 N applied load than the silicon nitride
with 3 wt% MWCNTs prepared by HIP at 1700 °C.

Figure 7.1 – Vickers hardness of monolithic and MWCNTs reinforced silicon nitride
composites.

Monolithic Si3N4 systems showed higher Flexural strength (based on 4 – point bending
strength) than that of 3 wt% MWCNTs reinforced silicon nitride composites (Figure 7.2).
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Figure 7.2 – Flexural strength of monolithic systems and 3 wt % MWCNTs added silicon
nitride systems.
Monolithic silicon nitride systems exhibited the higher Young’s modulus than that of 3 wt%
MWCNTs reinforced silicon nitride composites, respectively (Figure 7.3).

Figure 7.3 – Young’s modulus of composites: monolithic Si3N4 and Si3N4 + 3 wt% MWCNTs.
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5. I reported the detailed study of wear characteristics of monolithic Si3N4 ceramics
containing in-situ grown Si2N2O processed from oxidized α - Si3N4 powders for
the first time. Monolithic Si3N4 with in-situ grown Si2N2O prepared by HIP at
1500 °C under 20 MPa pressure of N2 for 3 hours have lower wear rates in dry
conditions that that of monolithic Si3N4 with in-situ grown Si2N2O prepared by
HIP at 1700 °C under 20 MPa pressure of N2 for 3 hours.
Best to author’s knowledge, the tribological behavior of silicon nitride systems containing insitu grown Si2N2O is not reported yet in the literature. Following main findings have been
reported:
1. The wear rates of the systems sintered at 1500 °C were lower in comparison to the
wear rates for the systems sintered at 1700 °C.
2. The lowest wear rate, 1.224 x 10-4 mm3/N•m, was measured for the system with 10
hours oxidized α -Si3N4 powder sintered at 1500 ºC.
3. The wear rates decreased exponentially after the running-in stage for all investigated
systems.
4. The main wear mechanisms were identified in the form of abrasive wear with grain
pull-out, micro-cracking, and debris formation together with tribo-film formation.
The study of these composites' tribological behavior is in section 4.5 and figures 4.19, 4.20,
4.21, 4.22, 4.23.
6. Based on results, 1 wt % graphene nanoplates (GnPs) are more promising
candidates than 3 wt% MWCNTs as reinforcements in the silicon nitride matrix
for robust tribological properties tested by identical parameters.
Based on available tribological results for MWCNT and graphene reinforced Si3N4
systems, the 1 wt% graphene reinforced Si3N4 composites showed lower wear rates under
identical testing parameters (Figure 7.4). Tribological properties for both systems were
tested under the same parameters as follows:
-

Test configuration = Ball-on-Plate.

-

Tribometer = UMT 3 (Bruker),

-

Counter body = Si3N4 ball (D=6.35 mm),
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-

Sliding Conditions = dry,

-

Load = 13.5 N & 5 N,

-

Sliding speed = 0.1 m/s,

-

Total sliding Distance = 720 m,

-

Average Hertzian pressure ∼ 2 GPa.

Figure 7.4- Wear rates of investigated systems.

7.1.

Further challenges
Further progress is expected in the development of monolithic and carbon nanofillers

reinforced Si3N4 composites with the aim:
•

Further investigative study is needed for graphene reinforced silicon nitride systems in
order to define the wear mechanisms,

•

To achieve an optimized amount of in-situ Si2N2O can be possible by optimizing the
oxidation of starting powders. The desired amount of Si2N2O can be achieved by
optimizing the oxidation of starting powders. In other words, the amount of the desired
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Si2N2O can be achieved by optimizing the amount of oxide phase (SiO2) in the starting
powders,
•

To achieve the desired amount of β-Si3N4 can be possible by optimizing the sintering
parameters such as sintering technique, temperature, pressure, and holding time,

•

To solve the problem of difficulties relating to dispersing carbon nanofillers mainly with
an increasing concentration of nanofillers by the help of advanced processing such as
colloidal processing, etc. This will help not only in the elimination/limitation of strengthdecreasing defects in the composites, but also in increasing the number of active
nanofillers in the toughening process and an increased number of constituents for
increasing the tribological and functional properties as well,

•

To realize an effective carbon nanofillers reinforcement strategy while optimizing the
nanofillers/matrix interface in such a way as to have the adhesion between the nanotube
and the matrix be not so strong as to introduce nanotube failure before debonding, but to
have the adhesion be not so weak that the frictional resistance to sliding is minimal,

•

To make advances in improving the properties of modified carbon nanofillers and in the
field of in-situ reinforced composites with the aim to offer processing of Si3N4 +
CNT/graphene composites with improved functional, tribological and mechanical
properties,

•

To improve the most promising processing methods such as aqueous colloidal
processing, ultrasonication, bead milling, improved SPS, electric field-assisted pressureless sintering, usually named flash sintering, etc,

•

To introduce new characterization and testing methods in the area of Raman
spectroscopy, focused ion–beam (FIB) technique, microcantilever technique for fracture
toughness testing, etc,

•

To design new systems in the form of carbon nanofillers-concentrated, functionally
graded and layered carbon–ceramic composites, etc., in combination with other carbonbased fillers as graphene platelets which would surely offer multi-functional properties
for challenging functional, bio-medical and structural applications,

•

To improve the applications of carbon-ceramic matrix nanocomposites such as: loadbearing structural parts, wear or friction surfaces, medical devices and implants,
automotive, aerospace, power generation applications, tool and die materials, and military
field applications.
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