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Abstract in English

The presented work focuses on the mechanical @mldgical properties of different kinds
of — unoxidized monolithic, oxidized monolithic, duecarbon nanofillers reinforced — silicon
nitride composites. For the oxidized monolithiacgih nitride systemsy - SN, as starting
powders were oxidized at 100Q for 10 and 20 hours. This oxidation process dmeadd a
nanosized film of Si@on thea - SN, powder particles, which causes the nucleatiomef t
SibN,O phase in the matrix during the sintering procésshe case of carbon nanofillers
composites, multiwalled carbon nanotubes (MWCNT®) graphene nanoplatelets (GnPs)
were used as reinforcement in the silicon nitricrin. The starting powders were milled by
the attritor mill equipped with zirconia balls ard zirconia-made agitator. Hot isostatic
pressing (HIP) and gas pressure sintering (GP&higaes were used to densify the powders.
Following characterization techniques were usedchAnedes method for measuring the
density, scanning electron microscopy (SEM) for nexeng the microstructure, X-ray
diffraction (XRD) for phase analysis, transmissielectron microscope (TEM), and high-
resolution transmission electron microscope (HRTHEd)crystallographic structure analysis
and confocal microscopy for calculating the matdoas due to wearing after tribological
tests. The fundamental mechanical properties ahdlagical properties of the investigated
systems were determined. A fractographic analysis garried out to determine the nature of
the fracture. Wear tracks were examined by scaneli@ctiron microscope (SEM) to identify
the wear mechanisms. Monolithic silicon nitride eratls exhibited better mechanical
properties as compared to the carbon nanofillerdareed silicon nitride composites. Carbon
nanofillers reinforced composites behaved very wellerms of tribological properties and
showed a low wear rate. At the end of this worksgilole solutions have been suggested to

overcome the challenges which arise in developirgps nitride composites.

Keywords: silicon nitride, multiwalled carbon nanotubes,grane, hot isostatic pressing,

mechanical properties, tribological properties



Abstract in Hungarian

Jelen dolgozat kilonbéz- monolit, oxidalt és szén nanorészecskékkésieatt - szilicium-
nitrid kompozit mechanikai és tribologiai tulajd@gsinak vizsgalataval foglalkozik. Az
oxidalt szilicium-nitrid-kompozitok esetében @sSisN,4 por alapanyagokat 1000 ° C-on 10 és
20 dran at oxidaltuk. Az oxidacios folyamat nanoatieSiO,-film kialakulasahoz vezetett az
eredményezte. A szén nanorészecskekkel toltott kaitgk esetében a szilicium-nitrid
méatrixban efsitbanyagként tobbfali szén nanocsovet (MWCNT) és graéiholemezt (GnP)
alkalmaztunk. A poranyagodrlését attritor malomban hajtottuk végre cirkoniwtygkkal,
cirkonium-dioxid kevefanyag adagolasa mellett. A poranyagok zsugoritasaedeg
izosztatikus sajtolast (HIP) és gaznyomasu szilgsrd GPS) technikat alkalmaztunk. A
vizsgalatok soran a kovetkizechnikakat alkalmaztuk: Archimedes modszertiidis®g
mérésére, pasztazd elektronmikroszképot (SEM) a rasierkezet vizsgalatara,
rontgendiffrakciot (XRD) faziselemzésre, transzmi@s elektronmikroszkopot (TEM) és
nagy felbontasu transzmissziés elektronmikroszk6p@RTEM) a  kristalytani
szerkezetelemzéshez és konfokalis mikroszképot ioldigiai vizsgélatok utani
anyagveszteség megallapitdsahoz. Mérésekkel megrtatd a kompozitok alapvet
mechanikai és triboldgiai tulajdonséagait. Fraktdigidelemzést végeztem a térési folyamat
behatarolasa céljabol. A kopasi nyomokat pasztéddrenmikroszkoppal (SEM) vizsgaltam
a kopési mechanizmus megéallapitasa érdekében. Aolmaailicium-nitrid anyagok jobb
mechanikai tulajdonsagokat mutattak, mint a szérészecskékkel ésitett szilicium-nitrid
kompozitok. A szén nanorészecskekkdis@éett kompozitok esetében kedébh tribologiali
tulajdonsagokat és kisebb kopasi sebességet mémémh,a monolit keramia esetében. A
dolgozat zar6 részében megfogalmazasra keriilt jgdldslat a szilicium-nitrid-kompozitok
fejlesztésével kapcsolatos tovabbi kutatdsokkaeigggésben.

Kulcsszavak: szilicium-nitrid, tdbbfali szén nanocsovek, graf@eleg izosztatikus sajtolas,

mechanikai tulajdonsagok, triboldgiai tulajdonsagok
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1. Introduction and objectives of the work

In 1859, Sainte-Claire Deville and F. Wohler repdrthe synthesis of $l, for the first time

by [1]. In 1955, J. F. Collins and R. W. Gerby fduthat silicon nitride-based ceramics have
potential thermal and mechanical properties at heghperatures [2]. Simultaneously, the
silicon nitride was not developed fully dense utitién, and it was fabricated by a reaction
bonding method only. In the 1960s, Deeley et dl.d@veloped, for the first time, highly
dense silicon nitride materials with sintering dnvéis by hot pressing (HP). In the early
1970s, researchers focused on silicon nitride-baseaimics for gas turbine application [4].
Later on, different sintering techniques were depetl, such as pressureless sintering [5] and
gas pressure sintering (GPS) [6] which made it iptessto produce complex-shaped
components with high density. Silicon nitride isismlered a structural ceramic material with
several excellent properties such as excellentufedxstrength, fracture resistance, high
hardness, oxidation resistance, thermal propediethe room, and elevated temperatures.
Despite having unique properties, silicon nitrid®aexhibits some negative properties, such
as brittleness, low flaw tolerance, limited-slisgms, and low reliability, limiting its broader
applications. To overcome such flaws, the additbrreinforcement in the silicon nitride
matrix was proposed.

Another problem is the formation of amorphous glgasases at grain boundaries of sintered
silicon nitride. Due to covalent bonds and low ddaltate diffusion in 3Ny, sintering is very
difficult. Oxide additives such as ¥; Al,0O;, CaO, MgO, etc., are used to provide
conditions for liquid phase sintering of this cefamaterial. These additives create liquid
phases that enhance silicon nitride's densificagiod its transformation from theSisN,4 to

the B-SisN4 (Jack, 1976). Upon cooling, these liquid phasgeapin the grain boundaries or
at triple points of silicon nitride as amorphousidaex glasses. These glassy phases are
detrimental to the mechanical properties of simteséicon nitride at high temperatures. The
glassy phases become soften at grain boundargegseamperature above 100G and affect
the mechanical properties. These glassy phasesem@ed to eliminate or convert from
amorphous to a crystalline phase which could plagla in improving properties at high
temperature.

Many researchers developed silicon nitride withfeddnt reinforcements and achieved
success to some extent. With the discovery of carfamotubes (CNTs) in 1991 and graphene

in 2004, a new research horizon arose in the nadgescience field. Since their discoveries,

13



carbon nanofillers are being exploited to improlve mechanical, tribological, and electrical
properties of advanced ceramics, including silicutride. The carbon nanofillers are
promising candidates as reinforcements in theasiligitride matrix to improve the composite
properties.

Therefore, researchers utilize different carbon ofidlers with varying concentrations,
adopting various milling methods and parametersapplying different sintering techniques
with varying parameters to explore the mechanité@bological, thermal, and functional
properties of silicon nitride composites. The carb@nofillers are not exploited well yet;
there is still a need for much more focused resegrexploit the nanofillers as reinforcement
to improve silicon nitride's several properties.

The current work proposed that glassy phases mnlighteliminated or converted from
amorphous to glassy phases by surface oxidatiiliobn nitride’s starting powders at high
temperatures. The current work is also a contiobutowards the exploration of silicon
nitride's mechanical and tribological propertiestvthe addition of carbon nanofillers. In this
work, different techniques and parameters were tedojp optimize and obtain better results.
The objectives of the current work are:

* To develop silicon nitride materials without glaggiases at the grain boundaries

» To study the effect of oxidation of starting powsl@m structural, mechanical, and
tribological properties of sintered silicon nitride

* To develop MWCNTSs reinforced silicon nitride compges processed from oxidized
a-SizN4 powders and to study their mechanical and triiokigroperties.

* To investigate the microstructure of starting pomsd®y scanning electron microscopy
(SEM), transmission electron microscopy (TEM), amgdh-resolution transmission
electron microscopy (HRTEM), and phases analysisXbyay diffraction (XRD)
technique.

The thesis work mainly consists of two parts — theoretical part, which describes the
literature, and the practical part, which illuststhe author’'s work about the development of
composites, their testing, and resuthapter 1 describes a brief history of the development
of silicon nitride and the problem and presentsrttaén aims of the current workhapter 2

is devoted to the theoretical background and liteeareview of silicon nitride and carbon
nanofillers. It presents processing techniques,haueical, tribological properties, and testing
methods of silicon nitride-based composit€hapter 3 describes the experimental program,
characterization techniques, and testing methaatsnbre used for the current wohapter

14



4 is the start of the experimental part of the theand it deals with the development of
monolithic silicon nitride systems. The chaptertstavith the detailed method of oxidation of
starting powders, preparation of composites, charaation of starting powders and sintered
samples, mechanical properties, and tribologicalperties to identify wear mechanism.
Chapter 5 focuses on the preparation of MWCNTs reinforcedN$icomposites, their
mechanical and tribological properti€hapter 6 presents the brief results and discussions on
graphene reinforced silicon nitride composites. Bughe limited time for this project, only
the composites' tribological properties were dame my colleagues have already published
the other presented resul@hapter 7 consists of a conclusion and the further challsrige
developing silicon nitride composites with carb@anafillers, which may help researchers in
this field. Chapter 8 comprises publications, conferences, and the ingfaesearchChapter

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 haittle, and heat resistant. Many definitions
of ceramics are available in the literature. Butstnwidely accepted definition of ceramics is
presented by Kingery et al. [7]. According to thehe definition of ceramic isd' ceramic is
non-metallic, inorganic solid Based on production methods, properties, gplication of
ceramics, they can be classified into further dag&igure 2.1):

1. traditional ceramics,

2. advanced ceramics.

Traditional ceramicsare composed of clay minerals (e.g., porcelaickbr tiles, toilet bowls,
and pottery), and they possess high hardness,nextleittleness, and very susceptible to
fracture. Advanced ceramics are also inorganicraotdmetallic, but their microstructure is
highly engineered to reflect its impact on ceramiicgal mechanical properties. Grain size,
grain shape, porosity, and phase compositions arefully engineered to enhance the
product's properties. Advanced ceramics are addledcengineering ceramigstechnical
ceramics, structural ceramic®yr special ceramicsTraditional ceramics have been using
since the stone age, and advanced ceramics hawedegeloped within the last 100 years.
Ceramics is a multibillion dollars industry, and%.of the sector is occupied by advanced

Ceramic
Materials

ceramics [8].

Traditional Advanced
Ceramics Ceramics
Engineering Oxide Nitride Carbide Boride

Carbon based

Glass Ceramics Ceramics Ceramics [ Ceramics

l l

SiC, B,C, WC, TiB,, Z1B,,
TiC, NbC HfB,, LaB,

! ! I [

e.g. CNTs,
Traditional | | Refractories & ot Gfaphcm ALOy, Z1O,,
Glass Clay products ¢ TiO,, Y,0,

diamond, graphite

1N, BN,
SiALON, TiN,
AIN

Figure 2.1 - Classification of ceramics based owngassing and applications. The current
work focuses on N, based ceramics which lie in the advanced cerarlgss (highlighted
by green circle) Author’s work.
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The advanced ceramics can be classified furthexdbas their chemical composition (Figure
2.1.). Here, a brief introduction about the classdifadvanced ceramics will be presented, and
the focus will be on SN, based ceramics in the following chapters.
1. Oxide ceramics: these ceramics materials are basedetals or metalloids elements
combined with oxygen—for example, &3, ZrO,, TiO, and Y;0s.
2. Nitride ceramics: nitride ceramics are a classevamics based on nitrogen combined
with other elements—for instancegSi, SIAION, TiN, AIN.
3. Carbide ceramics: These are based on carbidesSiéni$ one of the most important
and widely used ceramic materials. e.g., Si¢;,BNVC, TiC, NbC.
4. Boride Ceramics: Boride ceramics are a class adnoms that have boron as one of
the essential elements combined with rare eartnexiés or transition metals such as
LaBs, TiB,, ZrB,, HfB..

2.1.1. Silicon nitride (SizNg)

Silicon nitride (SiNg) is classified as an advanced structural cerantit avhigh melting
point, high hardness, and is relatively chemicaibrt. SgN, is the stoichiometric compound
in the Si—N binary system [9]. Other silicon niggl(S3N3 [10], SiN [11], SiN [12], Si(Ns)4)
in this Si—N binary system have been reported,tibeir existence was considered doubtful.

The calculated phase diagram of the Si—N systagivé in Figure 2.2.

1 1 1 1

Liquid

5726.85

4726.85 |

3726.85

Liquid + Si;N, Liquid + Si;N,

2726.85

1
Ll

Temperature °C

1726.85 1413.79 °C L

726.85 Diamond Si + Si;N, -

0 20 40 60 80 100
Si at. %. N

Figure 2.2 - Calculated phase diagram of Si-N sysbased of9].

SisN4 has three crystallographic structures at room &atpre, which are named @3

and Y. o andp are the most common crystallographic phases wosilnitride and have
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technological applications in advanced ceramicg [13]. Every crystallographic structure
has its own characteristics whose presence infegetie final properties of the silicon nitride
composite. The& phase of silicon nitride has a cubic structurel goerefore it is the hardest
phase, with a value of up to 35 GPa, and is notelyidised for structural applications
[14][15]. Thep phase has an elongated hexagonal structure ahddughness. The phase
has a trigonal structure and is harder thargthkase [15].

Silicon nitride-based materials have been useditimg tools, bearings, sealings, parts of gas
turbines, engines, etc., due to their exceptiomathlination of mechanical properties as
flexural strength, hardness, resistance to oxidatigbological and thermal properties [16]—
[22].

2.2. Carbon-based nanostructures

The era of carbon nanostructure started with tlseodiery of fullerenes () in 1985 [23]
[24]. Later, discoveries of carbon nanotubes (CNs)jima [25] and graphene by Geim and
Novoselov [26] strengthened further developmentcambon nanotechnology. Due to the
importance, the discovery of two (fullerenes, gep) of the carbon nanostructures got
Nobel prizes. A new horizon of research opened ampg the properties of carbon
nanostructures were exploited to develop novel nadgan the last two decades.

Based on structure, carbon nanostructures canvidediinto 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 feudsed.
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Carbon nanostructures

2D

Diamond like carbon

Nobel Prize

sp? sp/sp?

Several structures such as Single-walled tubes Various forms such as Amorphous
€60, €70, C76, C78 and Multi-walled tubes Monolayer, Multilayers Hydrogenated amorphous
cs84 Nanoribbons, Quantum dots

Figure 2.3 - Type of carbon-based nanostructures @assified based on sp-hybridization
and 0D to 30/23].

2.2.1. Carbon nanotubes

During the production of carbon C60 and fullereyeabc evaporation of graphite, ljima
examined the deposited carbon layer on the graghytea high-resolution transmission
electron microscope (HRTEM) [25]. He discoveredeavriorm of carbon, which consisted of
a graphene cylindrical tube with 10 nm diameter] éime end-cap was like a fullerene
structure. This new form of carbon was named aararfanotube (CNT) based on its physical
appearance. A CNT has three basic orientationsi(€ig.4) [27]:

Armchair orientation: Graphene cylinder along affeld axis with a fullerene-like cap
at the end (Figure 2.4-a).

Zigzag orientation: Graphene cylinder along a tHote axis with a fullerene-like cap at
the end (Figure 2.4-b).

Chiral orientation: Graphene cylinder along withealical arrangement with a fullerene-
like cap at the end (Figure 2.4-c).

Carbon nanotubes (CNTSs) are classified into twagso multi-walled carbon nanotubes
(MWCNTs) and single-walled carbon nanotubes (SWON[E8]. MWCNTs consist of
multiple concentric graphene cylinders, while SWGNbBmprise a single layer of a graphene
cylinder. The diameter of CNT ranges between 1%hdm, and the length ranges from a few
nm to a few um [29][30][31][32]. A CNT has a temsstrength 10 times greater than that of
steel, and its stiffness is 15 times higher tha ¢f steel (Table 2.1). The comparison of the

properties of different materials is given in TaBlé.
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Table 2.1 - Comparison of properties of CNT ancepthaterials. Reproduced from [33]

Material Density (g/cnt) 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 1.25 0.005 3.5

Armchair Zigzag Chiral

Figure 2.4 - Three types of carbon nanotubes (CN&s)rmchair (n, m) = (5, 5);f) zigzag
(n, m) = (9, 0); €) chiral (n, m) = (10, 5) [27].

CNTs can be produced in two main ways:

(i) Arc Evaporation Method: A 50 Ampere current is agxgbloetween graphite electrodes to
evaporate the graphite, and this is done in ameéavironment. CNTs are condensed at
the cathode. ljima also used this method to prodid&s [25]. This method can produce
SWCNTSs with the addition of Ni and Co at graphit®de electrode [33].

(i) Catalytic Method: CNTs are produced by the decomiposof hydrocarbons over the
metallic catalysts (Fe, Co, Ni) [34][35]. This methhas the one disadvantage that CNTs
are produced with lattice defects more than thathefarc evaporation method. These

defects can be reduced by heat treatment afteuptiod [36].
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2.2.2. Graphene

Graphene is a 2D single and thin layer of graphitth s hybridization arranged in
hexagons. Graphite is an allotrope of carbon; gta@nd graphene contain the same atoms,
but a different arrangement of atoms gives differgmoperties. In 2004, Andre Geim and
Konstantin Novoselov discovered graphene by usaugch tape to polish a large block of
graphite; the researchers spotted very thin flakeshe tape [37]. They continuously peeled
layer by layer from the flakes of graphite and fedted a thin sample layer as a single layer
of graphite, which is now called graphene. Thecstme of graphene is illustrated in Figure
2.5.

Quasi-1D: Carbon Nanotubes

Figure 2.5 - Honeycomb lattice of graphene. Graghkyers can be stacked into graphite or
rolled up into carbon nanotub§38].

Due to the strength of its carbon bonds, graphsrghe strongest material, with a tensile
strength of 130 GPa and Young's modulus closeT®4d [39] [40]. The Class for Physics of
the Royal Swedish Academy of Sciences enlightendtdir Nobel Prize announcement that
a 1 nf graphene hammock would support a cat of 4 kg mutidweigh only as much as one
of the cat's whiskers, at 0.77 mg, which is abod®0% of the weight of 1 frof a paper [41].
They also illustrated that graphene is more thab tifies 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 havedm® on the carbon nanofillers reinforced
silicon nitride composites. To some extent, theitaad of carbon nanostructures was useful
to enhance the mechanical, tribological, and etsdtrproperties. The use of carbon
nanostructures has not been exploited well becafsehe challenges in integrating
nanostructures in the silicon nitride matrix. Thaimproblems are non-uniform dispersion of
reinforcement, incomplete densification, and pdyosiduced by the nanostructures. There is
still a need to work done to address such problems.

However, SN, is a structural ceramic material with many exatllproperties, but at the
same time, it has some negative properties whait lts applications in many sectors. The
negative properties are brittleness, low flaw thee, and limited-slip systems. To overcome
these negative characteristics, researchers prdpaseidea to develop a composite by
combining the properties of two or more constitsdnt adding a second phase to the silicon
nitride matrix. The second phase should have svopepties whose combination could give
an optimum property. An improvement was achieveddme extent, but many challenges
came up as well. Different silicon nitride-basednposites have been developed with fine-
grained matrix and ex-situ or in-situ introducednglated3-SisN4 grains [42]-[45].

One of the positive effects is the toughening maidm induced by the CNTs and graphene.
Several researchers reported the enhancementctirgaoughness of the composite with the
addition of carbon nanotubes and graphene thanothaonolithic material [46]-[49] [50]—
[52].

Pasupuleti et al. [46] prepared 1 wt% CNTSs reirgdr&3N, composites by hot pressing (HP)
technique. They reported an increase in fractuughness with the addition of CNTs, which
is because of the toughening mechanism by craclgioig and pulling-out effect of CNTSs.
Moreover, R-curve behavior increased with the awmiditof CNTs, which enhance the
composite's toughening behavior. So far, Matsuakal. §47] have also reported the highest
value of fracture toughness (8.6 MP&3nof 1 wt% MWCNT-reinforced silicon nitride
composite.

But some researchers also reported a decreasacinre toughness of silicon nitride with the
addition of CNTs [53][54]. Kovalcikova et al. [53gported a decrease in hardness and
toughness of silicon nitride composite due to tigh hevel of porosity, which was induced by
the addition of MWCNTSs.

22



Walker et al. [51] developed a uniform and homogese dispersed graphene platelets
(GPLs) reinforced silicon nitride composites by rgpalasma sintering. The reported
significant increase in fracture toughness withatug of 6.6 MPa.if? for 1.5 vol% GPLs
reinforced SN, than that of monolithic silicon nitride materialhe increase in fracture
toughness is attributed to the toughening mechaniarthe form of graphene necking, crack
bridging, crack deflection, and pull-out. The olsel toughening mechanisms by graphene
platelets are evidenced by SEM image (Figure 2.6)

graphene

heet pull-out
— sheetpull-ou

graphene
necking

~

& crack crack graphgng
bridging deﬂecﬁor\ // /rack bridging

Indentation

Figure 2.6 - Toughening mechanisms in GPiN$nanocomposites. (a) Microhardness
testing resulting in the creation of radial crackk®mming from the microhardness indent.
Closer examination of the radial cracks reveals G#ridging the crack at several locations,
two of which are shown in this high-resolution SEMge. (b) Further examination of the
radial cracks indicates that they follow a tortuazraick propagation path. (c) Fracture
surface of the bulk sample indicates the preseht®ee-dimensional toughening
mechanisms for the GPLs8i nanocompositgsl].

Despite the positive effect of carbon nanostructuaeldition, several challenges have to be
dealt such as preservation of reinforcements, fade&d bonding between matrix and

reinforcements, uniform dispersion, load transféitgh and amount of reinforcement.
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Effective load transfer plays a role in enhancihg toughness, and it depends on the
interfacial strength between CNTs and silicon dérgrains. Without the optimum interfacial
strength, the effective load transfer is not pdssitwhich leads to the diminishing of crack-
bridging and pulling-out mechanisms on the fracsudace.

It is difficult to compare the influence of graptleeand CNTs on the properties oflbi-based
composites because of limited and ambiguous remptated in the literature. Tables 2.2 and
2.3 comprise the effect of CNT/graphene on the mecal and tribological properties of
silicon nitride. Only selected results from theildture have been presented in tables 2.2 and
2.3. Both CNTs and Graphene are promising candidatesnk@ance ceramics' mechanical,

tribological, and functional properties.
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Table 2.2 — Mechanical properties of carbon namefd reinforced silicon nitride with processing paneters from literature.

Theoretical/ FleTura (I;CP
SisNs + Milling Sintering Parameters Sintering Additives Appar.ent Load Hv Strengt a-mV Ref.
Parameter Density (N) (GPa) h 2)
3
(g/em?) (MPa)
1 wt% MWCNTs Planetary GRF/1000~1°%:5/(; }S /40h+550 MgO, ALOs, SiO:2 89.4 % - 8.2 280 23 [55]
1 wt% MWCNTs Ball/3 h SPS/1500 °C/5 min/50 MPa ALQOs, Y2053 3.17 g/cm? 10 16.6 +0.4 (279 53 [56]
1 wt% MWCNTs Ball/24 h HP/1750 °C /1 h/30 MPa AlLQOs, Y203, ZrO: 98.7 % 98 15.0+0.1 9?)? )(4 6(')6 6i [46]
3 wt% MWCNTs Attritor/5 h HIP/1700 °C/ 3 h/20 MPa ALOs, Y2053 - 98 10.41
3 wt% MWCNTs Attritor/5h  SPS/1650 °C/3-5 min/50 MPa ALOs, Y205 - 98 18.73 [48]
3 wt% SWCNTs Attritor/5h SPS/1650°C/3-5 min/50 MPa ALOs, Y205 - 98 16.97
5 wt% MWCNTs Ball/16 h HP/1700 °C/1 h/ 30 MPa ALOs, Y2053 - 29 L13.75 525 6.7 [49]
1 wt% MWCNTs Ball/3 h SPS/1500 °C/5 min/100 MPa Y205, AOs 3.17 g/cm? - 16.6 (57]
1 wt% MWCNTs Ball/3 h SPS/1500 °C/3 min/50 MPa Y205, AOs 3.19 g/cm? - 19.1
GPS/1600-1750 °C/2 h + Y205, Al2Os, AIN. (D80 7.1
o, o,
1 wt% MWCNTs Bead/2 h HIP/1700°/1 h/100 MPa HfOs, TiO: 99.6 % 98 14.8 .
GPS/1600-1750 °C/2 h + Y205, Al2Os, AIN. 834 8.6
o, o,
1 wt% MWCNTs Ball/24 h HIP/1700°/1 h/100 MPa HfOs, TiO: 93.5 % 98 11.3
1 vol% SWCNTs Ball/12 h SPS/1600 °C/3 min CTAB* 95.4 % 2.45 17.6 (58]
6 vol% SWCNTs Ball/12 h SPS/1600 °C/3 min CTAB* 91.0 % 2.45 10.7
0 wt% GNP Ball/25 min HP/1650 °C/ 2h/ 40 MPa AlFs, MgF> 3.079 10 15.61 516 5.08
1 wt% GNP Ball/25 min HP/1650 °C/ 2h/ 40 MPa AlFs Mgk 3.071 10 18.76 93 848
617 11.2 (59
2 wt% GNP Ball/25 min HP/1650 °C/ 2h/ 40 MPa AlFs, MgF 3.07 10 18.89 6'
3 wt% GNP Ball/25 min HP/1650 °C/ 2h/ 40 MPa AlFs, MgF> 3.74 10 18.62 599 9.51
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Theoretical/ FleTura (11\</;CP
SisNa + Milling Sintering Parameters Sintering Additives Appar.ent Load Hv Strengt a-m' Ref.
Parameter Density (N) (GPa) h 2)
(g/cm’) (MPa)
0 wt% rGO Ball/2h h HP/ 1700°C/1h/30MPa Y205, Al2Os 99.79 196 16.6 608 6.17
0.75 wt% rGO Ball/2h h HP/ 1700°C/1h/30MPa Y205, Al2Os 99.92 196 18.6 784 7.63 (60]
1.50 wt% rGO Ball/2h h HP/ 1700°C/1h/30MPa Y205, Al2Os 99.51 196 17.9 962 9.26
2.25 wt% rGO Ball/2h h HP/ 1700°C/1h/30MPa Y205, Al2Os 99.06 196 17.3 1116.4 10.3
0 wt% GNP Ball mill/- SPS/1700°C/10 min/vacuum Y205, Al2Os 3.31 98 17.5 - 5.1
3 wt% GNP Ball mill/- SPS/1700°C/10 min/vacuum Y203, A2Os 3.27 98 135 - 6.6
5 wt% GNP Ball mill/- SPS/1700°C/10 min/vacuum Y205, Al2Os 3.21 98 12.8 - 75 [61]
3 wt% FL-GNP Ball mill/- SPS/1700°C/10 min/vacuum Y203, A2Os 3.29 98 13.7 - 10.5
5 wt% FL-GNP Ball mill/- SPS/1700°C/10 min/vacuum Y203, A2Os 3.29 98 9.8 - 7.6
0 vol% GNP Ball mill/2h SPS/1700°C/10 min/vacuum Y205, Al2Os 3.23 9.8 20.4 D50 4.5
4.3 vol% GNP Ball/2h SPS/1625°C/5 min/50 MPa Y205, Al2Os 3.18 9.8 17.7 [025 [6.5
7.2 vol% GNP Ball/2h SPS/1625°C/5 min/50 MPa Y205, Al2Os 3.16 9.8 16.4 - [6.5 [62]
4.3 vol% rGO Ball/2h SPS/1625°C/5 min/50 MPa Y205, Al2Os 3.19 9.8 15.9 (1040 (10
7.2 vol% rGO Ball/2h SPS/1625°C/5 min/50 MPa Y205, Al2Os 3.16 9.8 14.6 - 0.2
0 wt% Attritor/5h SPS/1600°C/10 min/50 MPa Y205, Al2Os [08.2% 19.6 17.5 - 5.4
1 wt% MLG Attritor/5h SPS/1600°C/10 min/50 MPa Y205, Al2Os [D7.60 19.6 18.4 - 44 (63]
3 wt% MLG Attritor/5h SPS/1600°C/10 min/50 MPa Y205, Al2Os [D7.25 19.6 15.2 - 4.9
5 wt% MLG Attritor/5h SPS/1600°C/10 min/50 MPa Y205, Al2Os [07.09 19.6 13.7 - 5.4
0 wt% GPLs Ball/12h HP/1750°C/1h/20 MPa Y205, Al:Os, MgO 3.1 296 5.32
0.2 wt% GPLs Ball/12h HP/1750°C/1h/20 MPa Y205, Al:Os, MgO 3.14 305 5.86 [52]
2 wt% GPLs Ball/12h HP/1750°C/1h/20 MPa Y205, Al:Os, MgO 3.06 270 1.87
0 wt% MLG Attritor/5h SPS/1600°C/10min/50 MPa Y205, Al2Os [08% 19.6 7.5 (5.3
1 wt% MLG Attritor/5h SPS/1600°C/10min/50 MPa Y205, Al2Os [96.5% 19.6 [(18.37 (4.8 [64]
3 wt% MLG Attritor/5h SPS/1600°C/10min/50 MPa Y205, Al2Os [03.8% 19.6 (15.25 4.8
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Theoretical/ FleTura (11\</;CP
SisNa + Milling Sintering Parameters Sintering Additives Appar.ent Load Hv Strengt a-m' Ref.
Parameter Density (N) (GPa) h 2)
3
(g/em’) (MPa)
7
5 wt% MLG Attritor/5h SPS/1600°C/10min/50 MPa Y203, Al20s [00.1% 19.6 [113.80 [b.0
3 wt% MLG Attritor/4.5h HIP/1700 °C/ 3 h/20 MPa Y203, Al2Os 2.8 (88.6%) 5 5.8 +0.65 5.7 [65]
Table 2.3 — Tribological properties of carbon natiefs reinforced silicon nitride with the procesgi parameters from literature.
SigNg + Milling Sintering Parameters Sintering | Theoretical/Apparent | Load | Test Wear rate | Ref.
Parameter Additives | Density (g/cm?) (N) | Conditions
0 wt% MWCNTS | Attritor/5h | HIP/1700°C/3h/20 MPa Y203, ALOs | - 5 Dry C1.10x 10 | [66]
1 wt% MWCNTs | Attritor/5h | HIP/1700°C/3h/20 MPa Y2053, AOs | - 5 Dry £2.0x 10
3 wt% MWCNTs | Attritor/5h | HIP/1700°C/3h/20 MPa Y205, AOs | - 5 Dry C4.9x10
5 wt% MWCNTs | Attritor/5h | HIP/1700°C/3h/20 MPa Y2053, AOs | - 5 Dry £1.10x 10
10 wt% MWCNTS | Attritor/5h | HIP/1700°C/3h/20 MPa Y205, AOs | - 5 Dry C8.0x 10
0 vol% MWCNTSs | Ultrasonic | SPS/1585°C/5min/50 MPa | Y-Os, A:Os | 3.23 50 Isooctane | £0.61x 10 | [67]
stir lubricant
1.8 vol% Ultrasonic | SPS/1585°C/5min/50 MPa | Y20s;, AOs | 3.20 50 Isooctane | [ 0.47 x 10°
MWCNTs stir lubricant
5.3 vol% Ultrasonic | SPS/1585°C/5min/50 MPa | Y20s, AOs | 3.15 50 Isooctane | £ 0.33 x 1¢°
MWCNTs stir lubricant
8.6 vol% Ultrasonic | SPS/1585°C/5min/50 MPa | Y20s, AlOs | 3.12 50 Isooctane | £ 0.16 x 10°
MWCNTs stir lubricant
0 wt% MWCNTS | Attritor/5h | HIP/1700°C/3h/20 MPa Y205, ALOs | - 5 Dry £3.02x 10 | [68]
3 wt% MWCNTs | Attritor/5h | HIP/1700°C/3h/20 MPa Y2053, AOs | - 5 Dry [3.34x 10
0 wt% MWCNTS | Attritor/5h | HIP/1700°C/3h/20 MPa Y203, ALOs | - 5 Dry C1.8x10" |[69]



SisN, + Milling Sintering Parameters Sintering | Theoretical/Apparent | Load | Test Wear rate | Ref.
Parameter Additives | Density (g/cm?) (N) Conditions

1 wt% MWCNTSs | Attritor/5h | HIP/1700°C/3h/20 MPa Y203, AOs | - 5 Dry C3.5x10

3 wt% MWCNTSs | Attritor/5h | HIP/1700°C/3h/20 MPa Y203, ALOs | - 5 Dry C0.9x10

10 wt% MWCNTSs | Attritor/5h | HIP/1700°C/3h/20 MPa Y203, ALOs | - 5 Dry £8.05x 10

0 wt% GNP Attritor/5h | SPS/1700°C/10min Y203, A2Os | 3.32 5 Dry C1.2x10 [70]

3 wt% GNP Attritor/5h | SPS/1700°C/10min Y203, A2Os | 3.28 5 Dry £9.8x10°

3 wt% FL-GNP Attritor/5h | SPS/1700°C/10min Y203, AOs | 3.3 5 Dry £6.5x10°

5 wt% FL-GNP Attritor/5h | SPS/1700°C/10min Y203, AOs | 3.13 5 Dry 2.1x10

0 wt% GNP Ball/2h SPS/1625°C/5min/50 MPa | Y203, A1:Os | 3.23 50 Isooctane | 16.94 x 10° | [71]
[ubricant

3 wt% GNP Ball/2h SPS/1625°C/5min/50 MPa | Y203, AOs | 3.18 50 Isooctane | [15.83 x 10°
lubricant

0 wt% GNP Ball/2h SPS/1625°C/5min/50 MPa | Y203, A:Os | 3.23 100 Isooctane | 5.0 x 10°
lubricant

3 wt% GNP Ball/2h SPS/1625°C/5min/50 MPa | Y203, AOs | 3.18 100 Isooctane | [13.33 x 10°
lubricant

0 wt% GNP Ball/2h SPS/1625°C/5min/50 MPa | Y203, A:Os | 3.23 200 Isooctane | [14.86 x 10°
lubricant

3 wt% GNP Ball/2h SPS/1625°C/5min/50 MPa | Y203, AOs | 3.18 200 Isooctane | [12.06 x 10°
lubricant

0 wt% MLG Attritor/5h | HIP/1625°C/3h/20 MPa Y205, ALOs | - 5 Dry 07.5x 10° | [72]

1 wt% MLG Attritor/5h | HIP/1625°C/3h/20 MPa Y203, AOs | - 5 Dry 7.0 x 10°

3 wt% MLG Attritor/5h | HIP/1625°C/3h/20 MPa Y203, AOs | - 5 Dry (2.4 x 10°

28




2.3.1. Effect of carbon nanofillers on hardness

The effect of CNTs and graphene on silicon nitgdenposites' microhardness is not positive
as the positive effect on fracture toughness, mbattand tribological properties. According
to the results, the hardness values are in a stedagonship with the values of densities. Due
to the tendency of agglomeration of CNTs and graphthe porosity of silicon nitride-based
composites increased. Balazsi et al. [73] repodedreased Vickers hardness of silicon
nitride composites with increasing amount of mldtiered graphene (MLG). The hardness
increased with the addition of 1 wt% MLG and thearted decreasing with the higher
amount of MLG. The decrease in Vickers hardnesgoated to the soften-carbon parts and
high porosity because of the addition of MLG. Sary, in CNTs added silicon nitride, the
decreasing tendency in microhardness has beenvedsd&fiore study is needed to understand
the negative phenomenon of carbon nanofillers ernlrdness of silicon nitride.

Recently, Hu et al. [60] reported the addition efluced graphene (rGO) sheets teNgi
results in superior mechanical properties to a ritmo SisNs. They prepared a novel
reduced graphene oxigmcapsulated silicon nitride ¢Bi,@rGO) particle via electrostatic
interaction between amidonctionalized SiN, particles and graphene oxide (GO). The
improvement in Vickers hardness is attributed ®réfined microstructure of the composites.
The addition of rGO leads to microstructure refieety 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 addixbsinitride composites is comparable
with the strength of the monolithic material. Ngrsficant improvement in flexural strength
has been reported so far. Technological and sudefsxts such as clusters of reinforcements,
impurities, pores, and non-densified areas causdrétture origin. In service under loads,
these defects serve as a fracture origin and dexith@ strength as per their character, size,
and location in the microstructure.

But some studies found a slight improvement indtex strength, but the reason behind the
improvement is still not clear. Balazsi et al. [Si8veloped the silicon nitride composite with
1 wt% of MWCNTSs, and the bending strength was fotmdbe higher than that of silicon
nitride without MWCNTSs. By pulling out, the MWCNTSsStrengthening mechanism was

observed in the composite [57]. Yoshio et al. [®@jorted that bead milling results in well-
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pulverized agglomerates of CNTs, uniformly dispdrseethanol, and preparedSi + CNT
ceramics in such a way, and the bending strengghinvaroved.

Hu et al. [60] reported 83.5% increased flexuratrggth and reached a maximum value of
1116.4 MPa, and the fracture toughness increasef7b%%6 to 10.35 MPa-¥i with the

addition of 2,25 wt% rGO as reinforcement in tHesn nitride matrix.

2.3.3. Effect of carbon nanofillers on tribological properties

The carbon nanostructures have attracted muchtiatteto be used as self-lubricating
nanofillers in silicon nitride composites workingder severe friction and wear conditions.
The tribological study of graphene added ceramiagexl in 2013 after the publication by
Hvizdos et al. [72] and Belmonte et al. [71]. Hwadet al. [72] studied mechanical and
tribological properties of nanocomposites withcaih nitride matrix with the addition of 1
and 3 wt% of various types of graphene platelet®yTobserved that 1 wt% graphene phase
does not lower the coefficient of friction in drgraditions but, 3 wt% of larger sized graphene
reinforced showed higher wear resistance. Belmenhi&. [71] investigated the tribological
properties of graphene nanoplatelets (GNPgY,Stcomposites using a reciprocating ball-on-
plate configuration under isooctane lubrication.efhobserved that exfoliated graphene
nanoplatelets formed an adhered protective trimpfihich acted as lubrication and enhanced
up to 56% wear resistance.

Similarly, CNTs are also beneficial to enhance theological properties of silicon
nitride composites. Gonzalez-Julian et al. [67]niduhe better tribological properties in terms
of low wear rate with the addition of 8.6 vol% MWGQCNn silicon nitride matrix than the
monolithic SgN4 ceramics under the load of 50 N in isooctane aation condition. The
improved wear properties were attributed to the dgeneous dispersion of CNTs and the
extra effect of lubrication by CNTs. It was obseftvihat SiN, + MWCNT composites
showed 40% lower friction coefficient and 80% lowezar rates than that of the monolithic
silicon nitride materials.

Balko et al. [69] prepared the silicon nitride carape with 1, 3, 5, and 10 wt% of multi-
walled carbon nanotubes (MWCNTs) at 1700 by the HIP sintering technique. They
performed the tribological tests on these compssigng a ball on desk configuration in dry
conditions. Notably, 1 and 3 wt% of MWCNTSs did significantly decrease the coefficient
of friction and wear rate, but the MWCNTSs highearth5 wt% had a positive effect in
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reducing the wear rate and coefficient of frictigOF). Besides, 10 wt% MWCNT-
reinforced SiN, reduced the coefficient of friction (COF) by 46%ngpared to that of 1 wt%.

There are some models and wear maps developedé&grobers which can be simulated
to predict the wear characteristics of a mateN&ros et al. [75] developed the 2D and 3D
wear maps for multi-layered graphene (MLG) addegNSicomposites which help the
researchers to predict the wear performance ofctdmposites under various loading and
different speed conditions.

In monolithic silicon nitride ceramics, the genensdar mechanism is that the grains are
detached from the surface during the sliding. Thggaéns cause the abrasion and pronounce
the effect of wearing. In general, wear debrisosried by the action of the micro-abrasion
mechanism, being compacted during the motion ofstiieng pairs. If CNTs are present in
the debris wear, then the debris wear serves agdtion and overcomes friction. One of the
examples was observed by Gonzalez-Julian et dl.ifiréitu CNTs + SN, composites; the

debris areas appeared well adhered to the susdmeh protected it against wear [76].

2.4.  Processing of ceramic matrix composites

It is difficult to sinter SiN4 to achieve full density due to covalent bonds leetwSi and
N atoms. The processing of carbon nanostructuresdoan SiN, composites is even more
difficult because of integrating a reinforcementagh at the nanometric scale; therefore, the
processing routes have to be optimized before naatwing the SN, + CNT/graphene
composites. The main processing routes ofsBSt carbon nanostructures (CNTs/graphene)
composite are schematically illustrated in Figurg, th which the powder preparation phase

before sintering can be in the form of:

(i) Powder processing
(i) Colloidal Processing
(i) Sol-gel/precursor (in situ growth of CNTs/graphene)

After the processing route of starting powders,rtegt step is to consolidate the powders
into a shaped preform under dry pressing calledreserg sample, green body, or green
compact. The last step is densifying these greeiebdy utilizing heating or application of
temperature and pressure to allow the bonding imabetween powder particles to achieve
full density; this process is called the sinterip@cess. For the sintering process, several

techniques (i.e., hot pressing, hot isostatic pmgsgas pressure sintering, and spark plasma
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sintering) have been applied to densify the silindnde-based powders. As it was mentioned
above, sinter silicon nitride powders to achievié density is difficult. Sintering aids require
to aid in the sintering process to achieve fullsign Many sintering aids have been used to
improve the sintering process. In addition to tlesifive influence, the sintering additives
have a negative aspect; they segregate at graindbaes and negatively affect the high-

temperature mechanical properties.

1. Powder Porcessing CNTs
‘....: o”‘ . graphc:‘ { f g
} @ ' 4 VY ) ( . -
’... ; + \m._/ + ? » » Drying - Sieving
\ %0 080/ -> Green Sample
Si;N, Powder Sintfrgiiﬁ(fiiifjves Carbon Nanostructures

Milling Process
2. Colloidal Porcessing

Sintering

Drying - Sieving HP, HIP,
- Green Sample | GPS, SPS

Electric-electrosteric, -ve charge on Si;N, particles, +ve charge on carbon nanostructures
Milling Process

Drying - Sieving
» & » -> Green Sample

Hydrolysis — Polymerization — precipitation (growth of carbon nanostructures in Si;N, powders)

Figure 2.7 - lllustration of the main processingites used for the processing of carbon
reinforced SN, composites. Author’s work

3. Sol-gel/precurssors processing

1/
R, +

Si;N, + Sintering Additives

Catalytic precursor

2.4.1. Sintering aids

Due to covalent bonding and low diffusivity betwette Si-N, SiN, cannot be fully
densified by solid-state sintering without any &idds. The addition of sintering additives
introduces a so-called liquid-phase sintering psecwhich results in higher densification [2].
In the case of carbon nanostructures-reinforcadosilnitride composites, a wide range of
sintering additives of metal oxides or non-oxidesrevused. So far in the literature, these
additives (TiQ, Y203, Al,O3, MgO, SiQ, AIN, HfO, and ZrQ) were reported as sintering
additives for the fabrication of CNT-reinforced igin nitride composites
[77][78][46][79][80][81]. Recently, Matsuoka et a]77] added HfQ to Y,0s-Al,03-AIN
additives to prevent the CNTs from reacting anchplearing from the composite. They
reported that the addition of H§@esulted in higher electrical conductivity (~102n% and
higher bending strength (~1086 MPa).
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2.4.2. Milling Process

The degree of dispersion of carbon nanostructuresthe silicon nitride matrix
significantly affects the composite's final propest To achieve excellent properties of carbon
nanostructures-reinforced silicon nitride compgasitdully densified composites with
uniformly dispersed, undamaged, and un-agglomereorporation of nanostructures are
inevitable. One of the major issues during thegragon of nanostructures in the silicon
nitride matrix is the difficulty in obtaining theano-fillers' uniform dispersion due to their
tendency of agglomeration due to van der Waalsekrégglomerates occur due to high
surface area and high aspect ratio of reinforcem@hich critically affects composites’
mechanical properties.

Several researchers emphasized improving the gijhocess and sonication before the
sintering process, which enhances the uniform dsspe of CNTs/graphene in the matrix.
Eventually, uniform dispersal improves the densityhe sintered composites [82], [83]. Ball
milling can break the interlayer van der Waals ésrbetween graphene sheets, which results
in higher chances of uniform dispersion [84]. Exfttbn of graphite is also possible by ball
milling, which breaks the van der Waals forces s@parates the sheets.

2.4.3. Sintering Routes

Several researchers have used several sinterihgitees for the densification of CNT-
reinforced silicon nitride composites over the ldstade. Hot pressing (HP), hot isostatic
pressing (HIP), gas pressure sintering (GPS), patkgplasma sintering, or the combination
of GPS and HIP have been used so far to produfé $i CNT composites [45-60]. Here,
extensively used techniques will be discussed.

Hot Pressing (HP)In hot-pressing (HP) technique, mechanical pressuapplied along
with high temperature (1500-180Q) to densify the powders, and the mechanical press
acts as a driving force to accelerate the rearrapgéeand sintering of particles. A schematic
diagram of the hot-pressing technique is giveniguie 2.8. This process can achieve highly
dense silicon nitride composites, and it is effextin improving the mechanical properties
than pressure-less sintering. Based on heatingaesuit can be divided into three types: a)
inductive hot pressing, b) indirect resistance pagssing, and c) field-assisted sintering

technique (FAST). In inductive hot pressing, thghkirequency electromagnetic field is
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applied by an induction coil. In case of indiregsistance hot pressing, the electric current is
used to heat the chamber, and the convection mdesgs the mold. The third way of heating
the sample is by applying an applied electric fieldd this process was the base of a novel
technique called spark plasma sintering (SPS). Phizess shortened the sintering time,

lowered the grain growth, and saved energy
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Figure 2.8 - Schematic diagram of hot-pressing méghe to densify the ceramic powders
[85].

Pasupuleti et al. [44] produced the monolithic &ngt% CNT-reinforced silicon nitride
composite by hot pressing at 1750 under 30 MPa pressure for 1 h holding time. They
achieved above 99% density of a monolithic silicatnide, which results in high hardness
(HV = 15.7 GPa) and flexural strength (1046 MPa)itHe case of 1 wt% CNT-reinforced
silicon nitride composite, they achieved >98.7%4gitgrwith hardness (HV = 15.0 GPa) and
flexural strength (996 MPa).

Hot isostatic pressing (HIP)The hot isostatic pressing (HIP) technique has lsed widely

in densifying the powders, including ceramic andatlie powders. High hydrostatic pressure
and high temperature are applied to compress amslfggowder particles into coherent parts
[86]. Hydrostatic pressure is important to mentvamile describing the hot isostatic pressing
technique; otherwise, it will be considered hotssiag. If only hydrostatic pressure is applied
without heating, then the process will be calleddcsostatic pressing (CIP). In 1976,
Howmet Corporation company introduced a hot is@sfaessing technique for the first time
for the application to the aerospace industry [8bhe schematic diagram of the hot isostatic

pressing technique is shown in Figure 2.9. Usudlye HIP pressure is about several
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hundreds of MPa, and the optimum temperature ren§j@00—1700C to achieve the highly-

dense material.
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Figure 2.9 - Schematic diagram of hot isostaticggieg technique to densify the powders
[87].

HIP's fundamental procedure is to place powder umed into a steel container, and the
container is subjected to a high temperature irm@wm environment to eliminate air and
moisture from the powder mixture. The containesesled and subjected to a hot isostatic
process under inert gas pressure and high temperathich promotes necking the powder
particles, eliminate voids (porosity) and estabbsfong bonds between particles and results
in a highly dense composite at the end of the mocdalazsi et al. [15] and Kovalcikova et
al. [48] prepared a CNT-reinforced silicon nitridemposite by hot isostatic pressing and
achieved high density with better results in meatedproperties.

Both HIP and GPS are useful processes for dengifyiowders into complex shapes.
However, each process has pros and cons assowiiiteithe technique. From the perspective
of materials properties — high strength and relitgb+ the hot isostatic pressing (HIP) process
is the preferred technique for densification. It lability to produce material with uniform
microstructures and compositional stability. Butthe same time, high equipment and
processing costs needed for HIP are concerns.

Gas pressure sintering (GPS) can produce tailonedbstructures with low costs but there
are some problems such as loss of volatile comgsr{brcause no cladding during sintering
process, the volatile compounds can escape), oeawtith the gas environment and low

efficiency to close surface pores. Low efficiendyctmsing pores might be unwanted for the
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densification of some specific ceramic componesiish as bearings, where high surface or
near net-shape is required. Generally, GPS requigéser temperature than for HIP, hence
coarser microstructure is produced by GPS. Howesegrall processing cost are lower for
the GPS. The HIP has many advantages over otheriam techniques such as industrial,
economical, multiple samples can be densified ie-tme, clean process and produce the
structure with uniform microstructure, highly denaad good bonding.

Spark plasma sintering (SESSpark plasma sintering is considered a hot-prgssilccessor
because an electrical current is used to activegesintering process. The name SPS has been
widely used in literature, even considering thdsewelectric current sintering (PECS) is more
appropriate for such a sintering process [87]. dBse plasma is not produced during this
process, and the name “plasma” for such a process dot make sense. In this novel
technique, the pulses of direct current (DC) anual pressure are applied to the sample
within a conductive die. The main difference betweaPS and hot-pressing (HP) is the
application of current as many pulses for a vewrisimterval of time, but, in the case of hot
pressing, one pulse of current is applied for ajlome period [87]. During SPS, a shorter
sintering time is applied, restricting the grailmgth and producing composites with a higher
density than other sintering techniques. The gémpeiraciple is illustrated in Figure 2.10. The
device consists of a graphite die connected witplgite punches and a direct current (DC)
source. The graphite punches exert pressure u®@oMPa, and the pulse of DC (10 V,
10kA) passes through punches, die, and powderclei88]. The current pulses activate the

sintering between powder particles.
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Figure 2.10 - General principle of spark plasmatsiimg (SPS)88].

SPS has been applied widely in producing th#lSt+ CNT composites [14,49-52,55].
An optimum time range of 3-5 min has been repottethbricate the silicon nitride-based
composites in the literature. The type of sintetichnique has a significant role in achieving
a highly dense composite with mechanical improvemeéis always difficult to compare the
results produced by different conditions in differé&aboratories.

2.4.4. Role of porosity

The amount of porosity plays a detrimental rolemany mechanical properties, and
CNTs are susceptible to inducing porosity in thenposite during sintering. Balazsi et al.
found that CNTs (0 to 5 wt%) induced porosity, whicaused the lowering of the elastic
modulus from approximately 260 to 70 GPa [18].

2.4.5. Interfacial reaction between SisN4 and reinforcement

During the sintering process at a high temperaanceunder high pressure for a long holding
time, an interfacial reaction may occur betweeyN$and carbon nanostructures. Mechanical
properties depend upon the interaction betweenimand reinforcement. If the interfacial
bonding is strong enough, the crack deflects alaityy the interface; the reinforcement

remains intact, which enhances the composites’hnigg effect. If interfacial bonding is
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weak enough, then the crack propagates easilydghrthe intergranular path. If the interfacial
bond is too strong, the composite remains bristhel transgranular fracture happens.
The layer of SiQ on SgN4 particle may react with CNTs and graphene, whegults in the
formation of CO/CQ gases. The surface reaction between, $i@ graphene produces the
interfacial pores, which induce porosity and inhthe bonding between graphene and silicon
nitride grains. If there are too many pores betwgmphene and silicon nitride grains, it will
have a negative impact on the strength. If theee aafew micropores and some areas of
graphene in good contact with the silicon nitrideigs, it positively impacts fracture
toughness. If graphene content is dispersed evamiyhas a large area in contact with the
silicon nitride grains, the composites' externaldanay be transferred to graphene. If there
are a few intergranular nanopores, they lead $N;Sand graphene sliding along with each
other. The graphene can be pulled-out upon loadind,it enhances the energy dissipation
capacity of the composite. It has a positive andatiee impact on the strength of the
composite. Bodis et al. [63] studied the effecgphene incorporation on the toughening of
SisN4 containing 1, 3, and Wwt% multi-layer graphene, with special attentiorttie interface
phenomena between the matrix and the grapheneoregmhient. They found that nanopore
developed at the $s,-multilayer graphene interface due to the reachietween carbon and
oxygen (i.e., Si¢) available on the topmost layer of the siliconridé particles. Other
researchers also reported intergranular porosityndtion in graphene-based ceramic
composites [89][84].

Ge et al. reported [61] the formation of SIC du¢he reaction between CNTs andNGi
during the sintering. The equilibrium reaction be&n carbon and $hi, is given below
(Equation 2.1) [62,63]:

1510—-1550 °C .
SizN, + 3C «— 3SiC + 2N, ------------mmmmm- Equation 2.1

SisN4 powder particles possess the surface oxygen irfaitme of the SiQ nanolayer.
This oxygen-containing phase may react with thdaarphase (CNTs/graphene) at higher
temperatures and produce the CO and G&3es (Equation 2.2). The diameter of CNTs might
be reduced due to the loss of carbon due to acguriaction between C and Si@arbon

may cause a mass loss in the sintered samplesgdsintering because of the reduction of
SiO,.

. 1547°C .
3Si0; (1) + 6C §) + 2N, (g) —— SizNg + 6CO ----mmmmmmmmev Equation 2.2 (2)
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During sintering, it is more likely that the SI@& completely consumed in the partial
oxidation of carbon nanostructures (CNTs, graphea@ 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 propertissuctural integrity, and tribological

properties of a material in order to apply thesgéemas in a specific environment where they
can sustain. For measuring these properties, theretesting methods that give us the
characteristics of a material. Due to the existenicenany testing methods, comparing the
properties of materials was difficult because ttraamals preparation methods were different
by researchers. It was necessary to develop startdating methods that are universally
acceptable and apply to all the materials prephyedarious methods. Many testing methods
have been standardized and accepted by the interaatommunity. However, there are still

few testing methods are not considered very aceumimeasure the specific property of a
material. Here, | will discuss the testing methadsd 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 resistantecatized plastic deformation caused by
indentation or abrasion, or scratch. There areewfft hardness testing forms, such as
indentation hardness, scratch hardness, electratiaghardness, and rebound hardness.
Indentation hardness testing is widely used to oreathe hardness of a material, including
ceramics. Because indentation hardness testirimes more reliable, commonly practiced,
and the values can be compared easily with otheearehers' results. The indentation
hardness is measured by applying a load (indenteg polished surface of a ceramic for a
specific period of time. The indenter leaves itpiession (penetration) on the body and then
the depth of penetration is measured.
Indentation hardness measurements have severabtestthods or scales, such as:

- Berkovich indenter method,

- Brinell hardness method,

- Vickers microhardness method (square-based diamnaanid),

- 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 measie ability of a material to resist plastic
deformation. The method was developed by Robe@nhith and George E. Sandland in 1921
at a British company Vickers Limited [90]. They peated an indentation hardness method as
an alternative to the Brinell hardness method. Adamental principle of the Vickers
hardness method and equipment are illustratedgar€&i2.11. The Vickers hardness testing
for ceramic materials is governed by this stand&8dEN 843-4:2005 [91].

The Vickers hardness value is calculated accortdirte following formula (Equation 2.3):

H, = 0.189 — -------------- Equation 2.3

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

a) Vickers hardness tester b)  Principle of Vickers hardness
(Leitz Wetzi AR, Germany)
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Figure 2.11 Vickers hardness test equipment wad fmsehe 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 @rrahthat defines a material's ability to

resist the fracture. Fracture toughness of carbammostructures reinforced silicon nitride
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composites mainly depends on the conterfi-8isN4, uniform distribution of nanophase, and
toughening mechanism (crack bridging, pulling-aufck deflection) in the composite. There
are several methods to measure fracture tougheeeh, as single-edged pre-cracked beam
(SEPB), chevron notched beam (CNB), the surfacekcm flexure method (SCF), and
single-edged V-notched beam (SEVNB). However, @literature, the fracture toughness of
SisN, composites was measured by the Vickers indentdtacture (IF) method. Vickers
indentation fracture method is a nonconventional aantroversial method for measuring
fracture toughness, but it is widely used for resleapurposes. However, the Vickers
indentation fracture method (IF) has been critidiy the traditional fracture mechanics’
community due to unreliability, inaccuracy, and megsion of this method [92], [93]. The
American Society Testing and Materials (ASTM) andrdpean Committee for Standards
(CEN) have not recognized this technique as a atantksting method to measure fracture
toughness. But this method is widely used to reffitdata as a fracture toughndsg) of
ceramics. The traditional fracture mechanics comtyusuggests that it would be best to
report the data as “indentation fracture resistaige” which may or may not approximate
the fracture toughnesk,c. The K;rr measures the resistance to crack extension from a
particular type (Vickers) of indentation [94].

Why is the Vickers indentation method being usednwasure fracture toughness? Sample
preparation is difficult for the traditional tesgirmethod because ceramics are brittle and
susceptible to fracture. Vickers indentation methw$s become well-known to measure
fracture toughness because (i) a small sampleddatk (ii) test piece preparation is simple,
(i) the crack length is measured optically, amg ¢(his method is quick and cheaper [93].
Based on the suggestion from the fracture mechareosmunity, the term “indentation
fracture resistance&(rr)” will be used instead of “fracture toughne&s}” in the thesis.

The principle of the test is that the Vickers in@encreates cracks along the edges of the
pyramid impression on the sample's polished surfélsese crack lengths are measured, and
indentation fracture resistance is calculated bawedrack lengths, load, hardness, elastic
modulus, and indentation diagonal size by usingfferdnt formula. Two kinds of cracks
occur most of the time: Palmquist cracks and serowar (half-penny) cracks. The

schematic illustration of cracks created by theemtdr is shown in Figure 2.12.
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Figure 2.12 — The schematic illustration of cracksated by indentd©5].

In case of indentation cracks of the semi-circ(ieaif-penny) shape, the indentation fracture
resistance is calculated by the Anstis Equatior] 264

K, = 0.016 (5)1/2 (C%) -------------- Equation 2.4

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

In case of indentation cracks of the Palmquist shdipe indentation fracture resistance is
calculated by the Shetty equation [97]:

pn1/2
Kic = 0.0889 (7=5) - Equation 2.5

Where, H is the hardness, P is the applied loads the difference of the crack length from

the center of the indenter and the half-size ofdibgonal { = c — 3.

2.5.3. Flexural strength
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Flexural strength is a material’s ability to sustéihe maximum stress before it yields or
fracture [98]. Flexural strength is measured byduem either 3 — point or 4 — point bending
test. Due to ceramics' brittleness, tensile tessnighpossible because the preparation of the
specimen is difficult. So, the bending test is Haraative to measure the strength and stress-
strain curve, and the preparation of specimensssee Bar or rod-like specimen is used to
subject under the bending test. The bending testtlwa types: 3 — point and 4 — point
bending test.

In a 3 — point bending test, the bar/rod is placet&nsion, and the outer fibers are subjected
to maximum stress and strain (Figure 2.13 — a)lufeiwill occur when the strain or
elongation exceeds the material’s limits.

In the 4 — point bending strength, the stress ioan points in the specimen. The schematic
illustration of the bending test is given in Fig@d3 — b.

A bending test can be also used to measure fratbuighness and fatigue properties. To
measure fracture toughness, a notch is creatdeispecimen and then subject it to a bending
test, and the procedure of this test is given i@ skandard ASTM E-1290. For fatigue
properties, the procedure is presented in thislst@ASTM D7774.

In the case of 3 — point bending test (Figure 2 Hj, the flexural strengtfuv;,) is measured

by the following formula Equation 2.6.

3FL

O3p = o mmemememmemees Equation 2.6

Where,o3p is flexural stressk is the load (force) at the fracture point (N)is length of the
support spar is width, andl is thickness.

Measuring of flexural strength in case the of Joipbending test on rectangular specimen if
the loading span is 1/2 of the support span (Figut8 — b) by Equation 2.7.

3FL

Oup = o ~wmmmmees Equation 2.7
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a) 3 — point bending test b) 4 — point bending test
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Figure 2.13 — lllustration of bending test: a) $eint bending test and its formula to
calculate the flexural strength; b) 4 — point bamgistrength and its formula to calculate the
flexural strength. Author’s work.

2.5.4. Tribological properties

Tribology is the study of interacting surfaceswbtbodies [99]. Friction and wear happen as
the result of mechanically contacting and slidimg tsurfaces. The tribological study deals
with adhesion, friction, wear, and lubrication lh@ntacting areas. The factual knowledge of
tribology improves the service life, safety, antlatality of interacting machine components
and yields substantial economic benefits. There tame aspects of tribology: the first is
science, which deals with the primary mechanismd, the second is technology, which deals
with design, manufacture, and maintenance.

The standard test geometries used to study wegiraian-flat, four-ball, ring-on-flat, pin and
V-block, and rolling/sliding disk contact [100]. @importance of tribology can be realized
with an impact on the global economy. Accordingthie calculation, 23% of the world’s
energy consumption is due to tribological issué®6f that is consumed to overcome the
friction, and 3% is used to reprocessing the waisg101].

Wear test is performed to predict the wear perfoiceaand wear mechanism of a material
used in tribo-system. Friction and wear are twaongry components of the tribo-system. The
coefficient of friction (COF) £) is a dimensionless quantity and defined as thie between

frictional force Fs) and normal forceRy) (Equation 2.8) [102].

[T — Equation 2.8
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Wear is removal material as a result of interactvith surfaces of two bodies. The worn
material is quantified as weight loss or volumeslddeasurement of wear is done by different
techniques such as precision balance to measuredigbt (mass) loss, profiling surfaces, or
using a microscope to measure the wear depth ss<s®ctional area of a wear track.

The wear rateW) is volume loss (V) per total sliding distance @rd applied load (F), and
its unit is (mnY/Nm) (Equation 2.9).

v mm?3

LeF meN

W = ] ................ Equation 2.9

Where,W is wear-rate) is volume loss in miL is the length of sliding distance in m, and
Fis 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 tobmal tests (Figure 2.14):
- Point contact configuration (Ball-on-plate, Ball-disc),
- Linear contact (Block-on-ring, Pair V block-on-pin)

- Plane contact (Block-on-plate, Pin-on-disc).
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Point Contact Linear Contact Plane Contact
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<V | W

Ball on Plate Block on Ring Block on Plate

N
> \l’a
Qs

Ball on Disk Pair v-blocks on Pin Pin on Disk

Figure 2.14 — Several types of test configuratimnsieasure the tribological properties of a
material[103].

2.5.5. Wear Mechanism

Wear occurs due to the mechanical failure of tlvallsurface and categorizes different types
of mechanisms. The deterioration of the surfacepbaed due to a single or combination of
multiple wear mechanisms. Friction and wear are methanical properties, but they are
closely related to materials’ mechanical properties some instances, silicon nitride's
hardness and fracture toughness are considereddsieessential properties in meeting wear
requirement [104].

The wear rate depends on the degree of abrasiveirpgan into the surface of the material
under abrasion. Particles that cause wear usualhg Bharp edges to cut or shear the solid
under the wear [105]. Several wear mechanisms, ascbrasion, adhesion, micro-fracture,
and delamination, separate or combined, contributhe wear damage in ceramic-ceramic
sliding and rolling contacts [106]. Figure 2.15udtrates a typical wear mechanism in

ceramics [106].
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Wear debris are formed during

the sliding and these debris may
increase or decrease the friction __
depends on the reinforcement

Brittle fracture happens
along the grain boundaries b\

Crack propagation

Figure 2.15 — Typical wear mechanism in ceramicanals [106].

The purpose of carbon nanofillers in the silicotrice matrix is to reduce the friction and
wear rate during the sliding of two surfaces. Thebon nanofillers should be enabled to act
as lubrication. Lubrication has three main regimes., fluid film lubrication, boundary
lubrication, and mixed lubrication. The graphenel &NTs may protect the surface from
mechanical and chemical wear and promotes locaiodythamic lift. This enables a gradual
transition from mixed lubrication conditions to mgdynamic lubrication in the tribological
system.

A general wear mechanism in silicon nitride ceranithe grains are detached from the
surface during the sliding. These grains causeathrasion and pronounce the effect of
wearing. In general, worn debris were formed byaébigon of the micro-abrasion mechanism,
being compacted during the motion of the slidinggdf CNTs and graphene are present in
the worn debris, then the worn debris serves aschtion and overcomes friction. Gonzalez-
Julian et al. [76] observed one of the examples-situ CNTs/SiN, composites; the debris
were well adhered to the surface, which protedtadainst wear.

In summary, four factors are important in enhanding tribological properties of carbon
nanostructures reinforced silicon nitride compasite

1) uniform distribution of carbon nanostructuresha matrix,

2) load transfer efficiency of carbon nanostruciure

3) structure stability of reinforced nanostructudesing processing in the matrix,

4) interfacial bonding between reinforcement andrixa
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3. Experimental Part

3.1. Experimental program

The experimental works were carried out at theititst of Technical Physics and Materials
Science — Hungarian Academy of Sciences (MFA-MTAKEBudapest, Hungary and
Institute of Materials Research — Slovak Academ@agnces (Division of Ceramic and Non-
Metallic Systems), KosSice, Slovakia. The experimkerdgcheme is given in the diagram
(Figure 3.1). According to the diagram, three ddfe silicon nitride systems were prepared
by hot isostatic pressing (HIP) or gas pressurgesing (GPS), these sintered systems were
characterized by different techniques (SEM, TEM,THRI, EDX, and XRD) and followed
by testing of their mechanical and tribological pedies. Each system will be discussed in

the following chapters separately and followed lmpaclusion with future work.

No. | Svstems Starting | Oxidation | Sintering | Sintering Detailed
| Y powders | time (h) method Temperature | Study in
ithic Si 0 Chapter 4
1 Monolithic SkN,4 «—SiN, 10 HIP ;LSOO & 1700
systems C
20
< 3 0 Chapter 5
i3N4 + 3 wt% . °
2 MWCNTS a—SgN, 10 HIP 1700 °C
20
isN, + 0 HIP Chapter 6
g [ SENe+ 1wt «—SiN, 0 1700 °C P
graphene GPS

Il

Characterization of systems by SEM, TEM, HRTEM, EDXRD

<

1. Testing of basic mechanical propert{ggkers hardness, flexural strength, Young’s mogl
2. Testing of tribological propertig€OF, wear rates, wear mechanisms)

U

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 anbological testing methods, the
characterization methods and techniques are desgnthich were used to investigate current

work.

3.2.1. Ceramographic preparation of samples
Grinding and polishing

After hot isostatic pressing, the sintered samplee cut into rectangular shape. The sintered
samples were subjected to a grinding process foapeethe smooth surface with a precise
dimension of 3.5 x 5 x 50 mm. After griding, thergdes were polished with polishing

papers with a decreasing order of abrasive pasticle

3.2.2. Density

The apparent densities of the sintered samples we@sured by a standard Archimedes
method using distilled water as an immersion medatnmoom temperature, according to

Equation 3.2.

Ps/Pyms, mmememeneee- Equation 3.1

mS/ (ms —my)

Ps_ ms~pW/(m ------------- Equation 3.2
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Where, p, is the density of sintered sample (gf@tmow is the density of water at room
temperaturex 1 g/cn?), m; is the mass of sintered sample in the air (g),7apds 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 powdersaof SkN4 before and after oxidation.
Transmission electron microscopy (TEM, Philips CB)-2wvith an accelerating 200 kV
voltage was used for the microstructural charazaéion of the oxidized and un-oxidized

powders.

3.2.4. Energy dispersive X-ray spectroscopy (EDX)

EDX was carried out only for the base powdersaof SN, before and after oxidation.
Energy-dispersive X-ray spectroscopy (EDS) was tGisethe qualitative analysis of the base
powders (un-oxidized and oxidizecsISi powders) to quantify elemental compositions. EDX
was used to quantify the atomic oxygen percerfiénpowder before and after oxidation.

3.2.5. High resolution transmission electron microscopy (HRTEM)

High-resolution transmission electron microscopRTHEM, JEOL3010) with an accelerating
voltage of 300 kV was used for the nano structaralysis of the oxidized powders and
sintered samples. HRTEM helped to figure out theodayer of SiQ film on thea - SkNy4

powder particles after the oxidation.

3.2.6. Scanning electron microscopy (SEM)

The microstructures, fractured surfaces, and weachamisms of the tested materials were

examined by scanning electron microscopy (SEM, 11580 XB).

3.2.7. X-ray diffraction spectroscopy (XRD)

XRD is a rapid analytical technique primarily ugeddentify phases of a crystalline material
and provide information on unit cell dimensionseTphase composition of starting powders
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and sintered samples were analyzed using an Xiffigadometer (Bruker AXS D8) with Cu

Ko radiation.

3.3. Mechanical and tribological testing used for the current work

The following techniques were used to measure teehamical and tribological properties of

sintered samples.

3.3.1. Vickers hardness

Vickers hardness tester (Leitz Wetzi AR, Germang¥ wsed to indent the polished surface of
all investigated systems by an indenter of a squdramond pyramid with a top angle of
136° into a material by an applied load F (10 My, X0 seconds. 10 Vickers indentation per
sample were introduced after the polishing to a oM surface roughness. The Vickers
hardness (k) was calculated through the formula (Equation .2@)e Vickers hardness
testing standard (BS EN 843-4:2005) for ceramicemats was followed to measure samples’

hardness.

3.3.2. Indentation fracture resistance (Kjeg)

To determine the fracture indentation resistanceinvestigated systems, the Vickers
indentation method was used. At least 10 Vickensrints per samples were introduced with
a load of 10 N. Optical microscopy with a scale weed to determine the length of
propagated radial cracks, and the Shetty formuip E5) was used to determine the fracture

indentation resistanc&rr).

3.3.3. Elastic modulus and flexural strength

Elastic modulus and flexural strength (3 — andpbint bending strength) of sintered samples
was measured by bending tests on a tensile/loadaxhine (INSTRON-1112). The flexural

strength was calculated using formulae (Equatiofs@d 2.7).

3.3.4. Tribological Properties

As there are several configuratidios tribological tests, which have been describedva in

Figure 2.14Here, the point contact configuration (Ball-on-plaBall-on-disc) was adopted to
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analyze experimental materials' tribological bebaviFor monolithic SN, systems, ball-on-
disc point contact configuration was used whild-balplate for carbon nanofillers reinforced
silicon nitride composites (N4 + 3 wt% MWCNTSs and 9N, + 1 wt% Graphene).

For monolithic SizN4 systems,the tribological measurements were performed ubliggn-
Temperature Tribometer THT (CSM, Switzerland) andSigN, ball (D=5 mm) with
roughnessk, = 0.025 um under dry sliding conditions at room temperaturth\s1 + 10%
humidity. The normal applied load was 5 N, whichiresponds to a Hertzian pressurelbf
1.27 GPa, the sliding speed was 0.05 m/s with @ @eaquisition rate of 5.2 Hz and the sliding
distance was 1000 m. Before the tribological measents, the sample surfaces have been
polished to a surface roughness below Ra = (05

For carbon nandfillers reinforced SgN4, the tribology measurements were carried out on
equipment UMT 3 (Bruker) using the reciprocatingllloa-plate technique. The wear
behavior of the experimental materials was studiedry sliding in air. The tribological
partner was a highly polished (roughness Ra < ri0according to 1ISO 3290) $Bl4 ball
with a 6.35 mm diameter.

For SgN4 + 3 wt% MWCNTSs systems, the applied load was DNBwith sliding speed of 10
cm/s and sliding distance of 720 m. The Hertziantact pressure wasl 2 GPa. The

experiments were realized at room temperatureeataiative humidity of 40 + 5%.

For SgN4 + 1 wt% graphene systems, the tribological testsevearried under two different
loads of 13.5 N and 5 N with sliding speed of 10siand sliding distance of 720 m. The
Hertzian contact pressures was 2 GPa under 130adNadnd 0.870.9 GPa under 5 N load.

The experiments were realized at room temperatutreeaelative humidity of 40 + 5%.

3.3.5. Coefficient of friction and wear rate

Coefficient of friction (COF) |§) was measured by a formula (Equation 2.8). Ther watas
(W) were measured based on the volume loss (V}qgtarl sliding distance (L) and load (F)
according to the Equation 2.9.
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4. Monolithic SisNg4 systems

4.1. Starting powders

Commercialo — SgN4 powders (supplied by Ube, SN-ESP) containing >%bpthase were
used as starting powders to fabricate specimens.cbmpositional details of the starting

powder are given in Table 4.1.

Table 4.1 Compositional details of starting powdeg!$j. [107]

Type Grade | Specific Oxygen| C Cl Fe Ca Al a-phase
Surface (wt%) | (wt%) | (ppm) | (ppm) | (ppm) | (ppm) | content
Area (Wt%)
(SSA) nflg

Standard SN- 6~8 <2 0.1 <100 16 1 3 >95

Grade | ESP

(E-

Series)

The starting silicon nitride powders, containingthifractions ofa-phase, were subjected to
the oxidation process and divided into three groups
Batch 1: As received un-oxidized- SgN4 powder
Batch 2:0 — SgN4 powder was oxidized at 1000 °C for 10 hours inaambient air
environment
Batch 3:0 — SgN4 powder was oxidized at 1000 °C for 20 hours inaambient air

environment

4.1.1. Oxidation process of starting powders

The oxidation of the starting powder was done htgh temperature for two different time
regimes to introduce oxide phases in the form obramous Si@ films on nanoparticles
(approximately average size in between 100 nm ~ @®) of a — SgN4 powders. The
oxidation process is demonstrated in Figure 4.& T®0 grams of bulk powder was placed in
a muffle furnace (type NABERTHERM L 1) in an amMUieir environment. The process was
carried out carefully to follow the industrial ptee. Two following strategies of oxidation
were adopted:

1. Oxidation of a — SgN4 powder at 1000 °C for 10 hours in the ambient air

environment.
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2. Oxidation of a — SgN4 powder at 1000 °C for 20 hours
environment.

in the ambient air

a)

10 hours 10 hours oxidation

LML L L L L
]0 200 400 600 800 1000

A

™
1600

b)

T T
1200 1400

20 hours

20 hours oxidation

0 Ll v Ll
0 200

1000 1200 1400 1600
Time (min)
Figure 4.1 — Oxidation process of starting powdexsBatch 2 oxidized at 1000C for 10 hours; b) Batch 3 oxidized at

1000 °C for 20 hours.

T L |
400 600 800

4.1.2. Sintering aids

Due to covalent bonding and low diffusivity, 385 cannot be densified by dry sintering
without any additives. The addition of sinteringdéives is needed to create a liquid-phase
sintering process, which results in full densificat[16]. In the present work, AD3; and Y,O3
were used as sintering aids,®4 and Y,Os as sintering additives, have been widely used in
several works [42] [108]. ADs (Alcoa, A16) and ¥O3 (H. C. Starck, grade C) were used 4
wt% and 6 wt% of the total amount of powder, retipety (Table 4.2). Before the milling
process, polyethylene glycol (PEG) as a surfacgent and ethanol were added to powder
mixture. The surfactant helps neutralize electtastzharges, lower the surface tension, and
improve the solution's rheological properties.

Table 4.2 — Composition of powder mixture.

o — SEN4 (Wt%) | Al,O3 (Wt%) | Y203 (Wt%)
Batch 1: Unoxidized 90 4 6
Batch 2: 10 hours oxidized| 90 6
Batch 3: 20 hours oxidized| 90 6

4.1.3. Milling process

Wet milling was chosen to mill the powder mixtudescause it is a useful technique in

achieving fine powder [109]. Ethanol4&0) was used for wet milling. The use of ethanol is
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helpful to lower the surface energies of the powglarticles, less deterioration of milling
media (jar, balls and agitators). These three povmiegtures were subjected to the ball
milling one by one to mix and reduce the size ef powder particles. The particles’ average
size was in the range of 50 nm ~ 500 nm. The attball mill (Union Process, type 01-
HD/HDDM) is equipped with a jar, a cooling watepgiconnection, a metallic shaft equipped
with zirconia-agitating discs, and zirconia balks grinding media. Zirconia (Zrp balls (1
mm diameter) were used as grinding media. The coesbimpact and shearing actions of
balls enhance the milling efficiency. The powdeasdrmilled at a speed of 4000 rpm for 4
hours. The powder was dried at 150 °C and sievezugih sieving with a mesh number of
150 pm.

4.1.4. Fabrication of green samples

The powder was pressed in a metallic mold by adwldr pressing (H Type Frame, 4-Pillar
Type) under 200 MPa pressure for 5 seconds toctatierigreen samples. These prepared
samples are called green samples or green bode lzefiring process to eliminate retained
ethanol (GHsO) and PEG from the samples. The schematic diagsetains the fabrication

of green samples (dry pressing process) (Figure 4.2

Stage - I . Stage - II Stage - III
o ALO, ' Load 200 MPa
® Y,0, [

¥ ] e

PRy [N -

Starting powders - Dry pressing Grg:t; Ssa::;k;s ;V[f;ld:rslgn;;ns

Figure 4.2 - Dry pressing process (Fabrication pges of green bodies).

4.1.5. Densification of powders by hot isostatic pressing (HIP)

Hot isostatic pressing (HIP) densifies the powderaifurnace at a high temperature and
pressure. The inert gas is used to act pressufernnty in all directions to provide isotropic
properties and full densification. The sinteringpg@ss was carried out in the hot isostatic
pressing (HIP) — ABRA SHIRP 8/16-200-2000 machimetlhe present work.

The green samples were densified by HIP at twefit temperatures:
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1. Densified at 1500 °C and 20 MPa pressure in thgaé environment for 3 hours a

holding time.

holding time.

Densified at 1700 °C and 20 MPa pressure in th@a$ environment for 3 hours a

Two different temperatures were selected to openie effect of sintering temperature on

the final product's structural and mechanical proge The heating regime is given in Figure

4.3.The heating rate was 25 °C/min. The detail of sedesamples is given in Table 4.3.

2500 =

2500 4 b) 0.8 MPa| Pressure =20 MPa |
a) T .
108MP ressure = a
2000 G P 2 2000+ P 180 minutes X
180 minutes 8 — =
o 1500 - _ ° 1500
g 1000 4 S 1000-
g Sintering at 1500 °C § Sintering at 1700 °C
) 500 500 -
0 0 v T
0 5'0 l(')O 1%0 2C')0 2;0 3C')0 3%0 0 5IO l(I)O 1;:0 260 2;30 360 3;0
Time (minutes) Time (minutes)
Figure 4.3 - Heating scheme during sintering praces
Table 4.3 — Detailed information of sintered saraple
No. SN-15/0 | SN-15/10h | SN-15/20h | SN-17/0 | SN-17/10h | SN-17/20h
Oxidation 0 10 20 0 10 20
Time (hrs)
Sintering 1500 1500 1500 1700 1700 1700
Temperature
(C)
Apparent 3.330 3.303 3.27 3.431 3.387 3.352
Density
(glcn)
— SizN 128 5 1y | 10 . 78 . 50 1| 564 .
B SNy 22 (1] 22, (0.28:1) | £, (04311) | =, (A1) | 2 (29:1)| 22, (2.2:1)
SlzNzO 1)
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Average size
of B-Si3N4
(nm)

39.39
4.4

*[ 39.65+4.5

3714 +4.1

60.81+ 8

4 56.75*

8.3 5&38.5

Average size
of SizNzO
(nm)

52.53
4.4

+/55.18 +4.5

51.90+4.1

37.72
8.4

$2.71 +8.3

64.18 8.5

4.2.

Investigation of starting powders

The oxidized and un-oxidized — SgN4 powders were examined using SEM and TEM

techniques. The SEM and TEM images of oxidized anexidized starting powders are

given in Figure 4.4.

TEM images of starting powders
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>
-

EN : . o, |
c) 20 hours oxidized silicon nitride powder (Batchi-1lI
Figure 4.4 - TEM and SEM images of starting powdaydJn-oxidized silicon nitride
powders (Batch-I); b) 10 hours oxidized silicorridié powders (Batch-11) and c) 20 hours
oxidized silicon nitride powders (Batch-I1).

Based on SEM and TEM results, it was observed tth@atmorphology, shape, and size of
powder particles were similar before and after af@h (Figure 4.4). Some agglomeration of
smaller particles of powder was also observed th baidized and unoxidized powders. The
particle size of starting powders was in the ranfy®0 (1500 nm range. On microscopic
examination, it was challenging to observe the c¢ffef oxidation on powders. Further
investigation was needed to analyze the impackifadion.

To analyze the oxidation process's effectivened3X Bvas performed for quantitative

analysis to confirm the presence of atomic oxygethe powders before and after oxidation.
Figures 4.5 and 4.6 present the energy dispergeet®scopy results of starting powders
with the possible present amount of atomic oxyg&aocording to EDX results, it was

observed that the atomic percent of oxygen incaeaséhe powders with the oxidation time.
As increase of atomic oxygen in powders, it conéirtnat the oxidation process was

successful.
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Figure 4.5 — Energy Dispersive Spectroscopy (E@Slts of starting powder silicon nitride:
a) without oxidation; b) after 10 hours oxidatiar); after 20 hours oxidation.
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Figure 4.6 - Oxygen atomic percent present in thegers with respect to their oxidation
time.

For further analysis of oxidized powders, the highelution transmission electron
microscopy (HRTEM) was carried out. Based on HRTEdults, an amorphous Si@m
was observed on the silicon nitride powder parsieéer oxidation (Figure 4.7). No film was
detected on patrticle surface of un-oxidized powtltecase of 10 hours oxidized powders, up
to 1.5 nm thick SiO2 film was witnessed. Up to 4 timck silica (SiO2) was found on
powders oxidized for 20 hours at 1000 °C. The theds of this amorphous layer increased
with the increase of oxidation time. The thick filmight act as a protective layer on the

particles and slows down further oxidation. Thenfation of SiQ layer on the silicon nitride
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powder particles was a result of a reaction betw®igN, and Q at a higher temperature
(Equation 4.1)[110].

o

1000 °C
Si3N4 + 302 — 3Sl02 + ZNZ """"" Equat'on 41

Figure 4.7 - HRTEM results of starting poer)‘oreoxidation, Batch-I; b) after 10
hours oxidation, Batch-II; c) after 20 hours oxiaat, Batch-III.

X-ray diffraction (XRD) was performed to identifyjhpses in starting powders before and
after oxidation. XRD results of as received stgrgpowder SN, confirmed the presence of
only o phase according to the JCPDS PDF (01-076-140@ui&i4.8). XRD could not find
any structural or phase change in the powders #fterlO- and 20-hours of oxidation. A
bump of overlapped peaks (no sharp peak with hggmsity except a peak of crystalline
SisN4 phase, indicated with a red circle) was obserwvethé range of 2= 15-22° in XRD
spectra. (Figure 4.8). The bump behavior in spaepaesents the presence of an amorphous
phase. This amorphous phase was,Si¥Dich was formed as a result of oxidation 1000 °C.
XRD detected the main Brag’s peaks of silicon ottjahe (SpN2O) in the same range 06 2
15-22° after the sintering process. It confirmst t8&), was formed after the oxidation
(Figure 4.9). The amount of amorphous Siihase is less than the threshold amount for
detection by XRD. So, no significant peak for Si@s observed in the oxidized powders.
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Figure 4.8 - X-ray Diffractograms of as receivedring 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 Isarby XRD. The XRD spectra revealed,
the structural peaks of thephase an@l phase of SNy, silicon oxynitride (SiN>O), and ZrQ
phases were detected (Figure 4.9). ZisChypothesized as the contamination originatethfr
the milling media (Zr@ balls). Thea SisNs: JCPDS PDF (01-076-1407), SisN4: JCPDS
PDF (00-33-1160), 9N,O: JCPDS PDF (00-47-1627) and Y- doped Zr&CPDS PDF (00-
83-0944) were identified. Y-doped zirconia is presgue to the ¥O3; as a sintering additive
[111]. The complete transformation @to p phase of SN, was found, and the grains were
dissolved in a liquid phase and precipitated ahase in the samples sintered at 1700 °C. On
the other hand, samples sintered at 1500 °C, tbeniplete transformation was observed
because the sintering temperature was lower thantrinsformational temperature [112]

[113].
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Figure 4.9 - XRD spectra of sintered samples: ay@glas sintered at 1700C and b) samples
sintered at 1500 C.

4.3.2. Mechanism of in-situ growth of Si;N,0 and a- to - SisN4 transformation
Figure 4.10 illustrates the mechanism of ihesitu growth of SjN,O in the silicon nitride

matrix. SpN.O was formed from the reaction of Si@nd SiN4 in the presence of the liquid
phase. The oxidized powders contained oxygen, wtacised the formation of 8i,0O in the

presence of the liquid phase.
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In the first stage, the SpOformed on the 3N, powder particles’ surface according to
Equation 4.1. In the second stage;NsO was formed as a result of a reaction between
SiO; and SiN4in the presence of an,NMas environment during the sintering process
(Equation 4.2)[114][115][116].

Sio, + Si;N, — 2Si,N,0 ---------- Equation 4.2

During the sintering process, an Al-Y-O-N basedessaturated liquid was formed, and the
reaction between Spand SiN4 occurred (Equation 4.2). In the first stepsNgiand SiQ
were dissolved into the liquid phase as Si, N, @nd’hen in the second step, these (Si, N, O)
diffused through the liquid phase towards the ghoaft SLN,O and finally attached to the
growing SpN,O crystals. Tsai and Raj [114] proposed a modelhferSiN,O growth through
the dissolution of SN, in a glassy phase based on Mg-Si-O-N. The proposmtel by Tsai
and Raj, with a slight modification, validates tp@wth mechanism of @\,0 in the present
study.

Moreover,a- to - SkN4 transformation also happened simultaneously viighformation of
SibN2O. During the sintering, a supersaturated liquidgghbased on Si-Al-Y-O formed, and
a-SisN4 was dissolved in this liquid and re-precipitatech@ phase. This hypothesis supports

Hampshire and Jack’s work [117].
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Stage —I: a-Si;N. exposed to O; Stage — II: Formation of SiO; film on o Nucleation of Si-N-O in N» envil =
at 1000 ° C for 10 and 20 hours & Q1N sovider Barticles process. Nucleation of S1;N,0 in N, environment
t-513N4 powder particles during sintering process

Figure 4.10 - lllustration of mechanism of in-sgrowth of SiN,O in SgN, matrix (Author’s
work).
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The phase composition was calculated from the XRfa dsing Full Pattern Matching EVA
software. Based on the calculation, the maximumtezanof 3- SkN4 was found to be ~
78wt% in an un-oxidized sample (SN-17/0), sinteredl@0°C (Table 4.3). The overall
obtained amount of-phase decreased with the oxidation time (Figuld 4. a) while the
SibN,O phase increased linearly with the oxidation t{feigure 4.11 — b). These findings are
consistent with the study of Park et al. [118]. flaéso showed thd3- phase decreased with

the increase of g\,0.
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Figure 4.11 — The composition of different phasetheé examined systems: /) SgN, phase
and b) SIN,O phase.

In samples sintered at 1700, the SiN,O phase increased an@ SiN, decreased
simultaneously (Figure 4.12 — a). The amouotsSLN,O and (3-SisN4 phases could be
optimized with optimizing the oxidation time; theagh (Figure 4.12 — a) shows,IS;O
increases an@- SiN4 decreases equally with increasing oxidation tirme.the sample
sintered at 150€C, the growth rate of the $Bl,O phase was slightly higher than the
transformation rate of to - phase of SN, (Figure 4.12 — a)lt was hypothesized that the
SibN,O’s formational temperature was lower tharo 3 transformational temperature while
the SpN,O was almost a similar amount at 13@and 1700C. The 23nvt% and 25nvt% of
SibN,O was detected in the sintered samples at 1608nd 1700C, respectively, whilg-
content was different at both temperatures; this tha indication that 8,0 was formed at
a lower temperature than tloeto 3 transformational temperature. The crystallite S£¢-
phase in all samples decreased with oxidation tiim#, the crystallite size of $,0O

increased with the increasing oxidation time (Ta#l8). A higher content of oxygen in
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starting powders favored the formation ofNelO and hindered the crystallite growth [&f
Si3N4.
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Figure 4.12 3 - SgN, and SjN,O phases composition in the systems: a) in sanspiésred
at 1500 C and b) in samples sintered at 170

Based on XRD results, the-situ grown SpN,O phase was an orthorhombic structure, and its
amount was a function of oxidation time. A few @shers reported the decomposition of
SibNL,O phase above 150C (Equations 4.3 and 4.4) due to the addition wtfesing aids of
Li,O above their threshold amount [119][120][121].

3Si,N,0 (s) — 2Si3Nu(s) + 3Si0(g) + N,(g) -—-—-- Equation 4.3
2S8i,N,0(s) + 30,(g) — 4Si0(g) + 2N,(g) - Equation 4.4

The current study contradicts such results, no meosition of SiN,O was observed above
1500°C; it might be due to the proper selection of singgaid and their optimized amount.
Mitomo et al. [122]reported that high pressure of, N98 to 980 kPa) suppresses the
decomposition of SN,O and the reaction (Equation 4.4) becomes reversibhigh pressure
of N, and in this way the 8,0 is preserved. In the present work, thepkessure was higher
(20 MPa) than the suggested pressure pf{IN98 MPa) by Mitomo et al. [122]. So, the
adopted parameters for sintering were suitabledgegrve the 3N,O 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 sintsagaples. The samples sintered at 15D0
showed higher Vickers hardness than that of sanguésred at 1700C. A higher amount of
a-SisN4 was present in the samples 1500/0, 1500/10h, &06/20h than that of samples
1700/0, 1700/10h, and 1700/20h. Tingphase of SN, is harder than th@-SisN4. The a-
SisN4 has long stacking sequence ABCDABCD... wiil&isN, has ABAB..[13]. Longer
stacking sequence results in thSisN, higher hardness than tBeSisN4 [123]. The higher
content and smaller grain size @fphase in samples sintered at 13@0(1500/0, 1500/10h,
and 1500/20h) contributed to the hardening of tlatenml, so higher hardness values were
observed in these samples. These Vickers hardradgesvof the investigated systems are
much higher than many reported values in the liteea[46]-[49], [53], [55], [124]. The
higher Vickers hardness was attributed to highesiye and presence of hard phasgNgD

in the systems.
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Figure 4.13 - Vickers hardness (HV) values of sampintered at 1508C and 1700T.

4.4.2. Flexural Strength

The a/B ratio and SIN,O phases influence the mechanical properties. Th@dint bending
strength of samples sintered at 1500 °C was imahge of 300 +~ 320 MPa (Figure 4.14). This
value decreased slightly with increasing oxidatione. The samples sintered at 1700 °C
exhibited two times higher 4 — point bending sttandpan that of samples sintered at 1500
°C, and the values are within the range of 600 5 MPa (Figure 4.14). Un-oxidized sample
(1700/0) with the highest 78% @ SisN, phase showed the highest value and followed by
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1700/10h and 1700/20h. The flexural strength sdagierreasing with the oxidation time. The
decrease in flexural strength is because of thactemh in 3-phase in the samples. TBRe
phase is rod-like elongated hexagonal grains whidthas a reinforcing agent in the matrix
and strengthen the composite. The decrease ing#itreTan be seen with the increase of
oxidation time in Figure 4.14. The rat[®SikN4/SibN,O is a vital factor to optimize the
flexural strength. The desired flexural strengtin & achieved by optimizing the rafe
SisN4/SioN2O. The ratio3-SisN4/SiN2O is connected to the oxide phases in the starting
powders.

4- points bending strength
1000 P g g

800

600

400

SN-17/10h|
ISN-17/20h|

200

4 points bending Strength (MPa)

SN-15/10hf  |SN-15/20h|

0-
SN-15/0  SN-15/10h  SN-15/20h - - SN-17/0  SN-17/10h  SN-17/20h

Samples pressed at 1500 °C Samples pressed at 1700 °C
Figure 4.14 - 4- point bending strength of samgiesered at 1500C and 1700TC.

A similar tendency for 3 — point bending strengthswobserved in all sintered samples
(Figure 4.15). TheB-SisN4 phase decreased with the increase of oxidation, tuviech
lowered the samples' strength. The strength of Eamp00/0 is higher because it has the
highest content of phase. The reason for reduced flexural strengttsdmples sintered at
1500 °C is porosity and incomplete transformatiomo B phase of SN4. The presence of
internal porosity was revealed by the morphologstatly of fractured surfaces of all samples
sintered at 1500C (Figure 4.18),and the porosity contributed to decreasing theufiaix
strength. The fracture was nucleated from the porgites and propagated through inter-

granular and trans-granular sites.
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Figure 4.15 — 3 — point bending strength of sampletered at 1500C and 1700C.

4.4.3. Young’'s Modulus

As the elastic modulus (E) identifies the stiffne$amaterial, it was measured in the range
between 240 and 260 GPa (Figure 4.16). The elasbdulus depends on porosity, grain
boundary phases, texture, and relative contentsawfd phases. The value for the samples
sintered at 1500 °C was almost relative, and necefff oxidation time on the elastic modulus
was observed as compared to samples sintered 86@.7The elastic modulus of 1700/0,

1700/10h, and 1700/20h decreased with the increaseidation time. It was witnessed a

similar decreasing tendency with the increasingdaton time as the samples' bending
strength values.
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Figure 4.16 - Young's modulus (E) of samples saatat 1500C and 1700TC.

4.4.4. Indentation fracture resistance (Kjr)

The indentation fracture resistan¢@{g) values of all the samples sintered at 1500 ‘Gawer
in the range of 10 + 11 MPa*fh(Figure 4.17). The sample SN-1500/20h showed itjieeist
fracture resistance among the samples sinteresoat L.

The systems sintered at 1700 °C exhibited fragesistance in the range of 8 + 13 MPH?m
The sample SN-1700/0 presented the highest fractsistance, 13 MPa'ffy among all the
samples. The reason for the highest resistancet mégthe maximum amount gfphase (78
wt%) present in the sample SN-1500/20h among afipges (Figure 4.11 — b3 - SkNy4
phase contributes to toughness due to its elondaggdgonal structure. At the same time,
SN-17/20h possess a higher amounB phase (56.4 wt%) than the systems sintered at 1500
°C but displayed the lowest value of fracture tesise. In general, high density and high
amountp3 phase in the structure result in higher fractesastance. Here, the obtained results
have significant scattering, and it is difficult tmnclude the relation of these values with
microstructure features or processing techniques.

Park et al. [118] reported the higher indentaticacture resistanceK(rr) with a higher
amount of SIN,O in the sample, but this study disagreed with fhit and reported the
decrease in indentation fracture resistance witheesing content of $8N,O. The obtained
values of samples sintered at 17 are higher than the reported values of silicdnda
ceramics in the literature [71] [52][46].
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Figure 4.17 — Indentation fracture resistance afteyns sintered at 150C and 1700TC.

4.4.5. Fractographic analysis of sintered samples

Figure 4.18 shows the SEM images of fractured sadaof sintered samples during the
bending tests. Samples sintered at 130@onsists mainly ofi-SisN4, SbN2O and traces of
B-SisN4 grains. In comparison, samples sintered at Z@0onsists mainly d8- SN, grains
and SjNO. It is evident that samples sintered at 150@ontains more porosity than that of
samples sintered at 170@€. The SEM images also reveal the nature of fracwhile
measuring the flexural strength. The fracture wdsri and transgranular. Due to the smaller
grain size and porosity in samples sintered at £8)Q@he crack-path was shorter than that of
samples contain larger grains lige SisNs. Overall - SisN4 is tougher thara- SisNg, -
SisN4 grains act as reinforcement in the matrix. Theralso evidence of pulling-out @f
grains. The3 grains fractured when the stress reached thehicesalue of the strength @f

grains.

SEM images of fractured surfaces of samgles SEM images of fractured surfaces of

sintered at 1500C samples sintered at 1700
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Figure 4.18 — SEM images of fractured surfacesraésed samples

4.5. Tribological Properties

4.5.1. Coefficient of friction (COF)

Figure 4.19 shows the coefficient of friction (COFJues as a function of sliding distance for
six types of samples. The sample sintered at 150®/&15/0) showed the maximum friction
coefficient of 0.809t 0.019. In contrast, the sample sintered at 17q@X-17/0) exhibited

the minimum friction coefficient of 0.656 0.041. In general, there are three identifiededag
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in the tribological process as sliding proceeds, iose stages are the so-called-in stage
steady-state stagandcatastrophic staggl25]. Therun-in stageis the first stage that occurs
when the wear process starts, and this stageftasasshort period of time. During this stage,
the sliding surfaces act in accordance with eabkrpthat normal load is evenly distributed
over the surfaces. The wear rate is relatively llighng this stage of the tribological process.
During thesteady-state stagéhe friction and wear rate are usually low andasdt stable and
last until the severe surface damage starts. Duhisgstage, the measured frictional forces
and wear rate are considered important in chatactgrthe mating-surfaces' long-standing
tribological properties. In theatastrophic stagethe wear rate and surface damage become

severe, and consequently, components fail.

In my case, | defined 0 - 40 m of sliding distarmsearun-in stage and 40 — 1000 m as a
steady-state. The average friction coefficients anelfage wear rates were measured not only
in the running stage, but in the steady state ¢mmgdi, as well. In the case of systems sintered
at 1500 °C (SN-15/0, SN-15/10h, and SN-15/20h),ftlition coefficient (COF) during the
run-in stage was lower than the COF duringsteady-stateonditions (Figure 4.19 — c).

In the case of systems sintered at 1700 °C (SN;13K-17/10h, and SN-17/20h), the
situation was the opposite; the COF during theirustage 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 semed samples: a) COF of samples sintered at
1500 €T SN-15/0, SN-15/10h and SN-15/20h; b) COF of sasrphtered at 1706C SN-
17/0, SN-17/10h and SN-17/20h; c) COF of sintegdes in run-in (0-40 m) and steady-
state stage (40-1000 m).

45.2. Wear rate

The average wear rate during the run-in stage 4@ ) was seven times higher than the
wear rate during steady-state conditions (40 — 1®)0The wear rates of the investigated
systems are given in (Figure 4.20). It was obsemyed the steady-state conditions were
dominant from 40 — 1000 m in the sliding distannd the catastrophic stage is far from this

point.
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Figure 4.20 - Wear rate of sintered samples: aglatear rate of samples; b) Wear rates
during the run-in stage (0-40 m) and steady stdG2(000m).

The wear rate was calculated for every 100 m dirgdi distance. The wear rate was very high
during therun-in stage (0-40 m), and it decreased exponentialgr &fie run-in stage (Figure
4.21). Stable wear started at 400 m of slidingystems sintered at 1500 °C, while in the case
of samples sintered at 1700 °C, the constant wegarbafter 200 m of sliding. The primary
reason for the constant wear was the Hertzian coptassure, which decreased due to the
increase of the total contact area, resultinglowaer wear rate and kept the systems operating
in a steady wear stage. The secondary reason waimation of tribo-film, which was
worn-out when the frictional forces exceeded thiicat limit. Throughout the sliding
distance, the wear rate was constantly low. Ovetial wear rates for samples sintered at

1500 °C were lower than that of samples sintereti780 °C. The lowest wear rate with the
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value of 1.224 x 16 was measured for sample SN-15/10h, and the higvesst rate with the
value of 3.451 x 1®was observed for sample SN-17/10h. The lower watarmay be due to
the amount oft - SN, phase in the structure. For instance, the fractibn phase was

highest in the sample SN-15/10h, and its wearwatethe lowest among all systems.
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Figure 4.21 - Wear rates at every 100 m distancéoul000 m, the wear rate decreased
exponentially after 100 m sliding distance: a) ségsintered at 1500C and b) samples
sintered at 1700C.

4.5.3. Wear Mechanism

Figure 4.22 is a SEM image of the wear track, &ieddbeled areas identify the types of wear
occurred. The main identified wear mechanisms Iineahmined samples were a tribo-

chemical reaction and a mechanical wear (abrasiar)\w Similar wear mechanisms were
observed in all systems, so only a few SEM imadasear tracks were presented here. The
tribo-film was formed due to the tribo-chemical ¢ggan, and the area is characterized by a
relatively flat surface. The mechanical wear (alvesvear) area is characterized by a rough
surface and accumulated wear debris. The tribo-td&meactions form a tribo-film on the

surface, and that film was partially removed whes Ibad and frictional forces exceeded the
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threshold limit during the sliding. Figure 4.22 sisthe example of such tribo-film and their
following fracture on the worn surfaces.

Flgure 4.22 - SEM |mage of Wear track and the Vaees are Iabeled with arrows and
elliptical circles to identify its respective weaechanisms: a) wear track of SN-17/0 and b)
wear track of SN-17/0 at higher magnification; @aw 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 merely depend on its intrinsic
properties. Rather, it is a response to the comghexnistry of stresses imposed by a counter-
part in the tribological environmeft26]. The contact geometry, speed, load, temperature,
lubrication, and humidity are also important valéshin the tribosystem to measure the wear
properties of a material. Materials engineers remde models to predict the response of a
material in a tribological system. For this purposeveral analytical models have been
developed to rank materials based on their intipsoperties [127128][129][130][131].All

the models are similar and assume that subsuréaeeal fracture is responsible for material
removal during abrasive wear. Evans and Mardi&i8] developed an analytical model for
lateral-cracks chipping to analyze the mechanisnmaterial removal rateAY) in brittle
ceramics, in which material removal is caused byasibe wear. The model is described by
the following equationEquation 4.5):
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(E/HV)4/5 £ e Equation 4.5

Where, V is material removal rate (volume loss)s the material-independent constdt,is
the normal loadKrr, Hy, andE are the indentation fracture resistance, Vickeasdhess,
and Young’s modulus, respectively, of the abradatenal, and is the sliding distance. By
gathering all of the material-specific constant® ione parametef, the equatiorf{fEquation

4.5) can be expressed as:

A Y VA R—— Equation 4.6
Where,
(E/ )4/5
= N ion 4.7
B 7 Equation 4.

The relationship between the paramgtand the wear rate is shown in Figure 4.23.
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Figure 4.23 - Wear rate 8 parameter of sintered samples.

The graph shows that examined systems have nostemiscorrelation between wear rate and
B parameter. Some researchers have found a gooelatmn between wear rate and fhe
parameter of the investigated systems [1BB] findings on the correlation between wear rate
andp parameter have a good agreement with the stufliesgan and Hawk [126]. They also

found deviations from this model in their studikgs difficult to conclude that the wear rate
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is dependent on one property of the system. lIisis @oted that the systems with low COF did
not demonstrate a lower wear rate. The sampleshwtiontained a comparatively higher
amount ofa-SisN4 showed a high COF, but at the same time, theybérdi a low wear rate.

The low wear rate was probably due to the highesd ofx - SkN4 present in the samples.
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5. SizNg + 3 wt% MWCNTs composites

After developing and investigating monolithic silic nitride systems (as discussed in
previous chapter 4), this chapter is dedicatedh¢odevelopment of silicon nitride reinforced
with multi-walled carbon nanotubes (MWCNTS). Thisapter will give an overview on the
preparation method, microstructural analysis, meidah and tribological properties of

composites.

5.1.  Preparation of SisN, + 3 wt% MWCNTs composites by HIP

5.1.1. Starting powders

The starting powdersg-SisNs (Ube, SN-ESP) [107], used for the development lo$ t

composite, were in three forms:

a) As receivedq-SisN4 powder (un-oxidized) used as a reference (SN-CNT/0
b) 10 h oxidation o06i-SisN4 powder at 1000 °C in ambient air environment (SNIFZ10).
c) 20 h oxidation ofi-SisN4 powder at 1000 °C in ambient air environment (SNFC20).

The oxidation process of starting powders has biemussed in chapter 5.

5.1.2. Sintering aids

Similar to previous composites, A&); (supplier company: Alcoa, A16) and®; (supplier
company: H.C. Starck, grade C) were used as gigteadditives for the development of
MWCNTs added composites. Before the milling procése three powder mixtures were
prepared. For each powder mixture, 4 wt%@| 6 wt% Y,Os, polyethylene glycol (PEG)

surfactants, and ethanol were added.

5.1.3. Milling process

The wet milling process was carried out in a higtritar mill. Each batch was milled
separately in a 750 chrirconia tank. The grinding media was Zr@ade balls with a

diameter of 1 mm and the agitator discs. This ngllprocess was performed with a high
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rotation speed of 4000 rpm for 4 hours. The 3 wt%iltimwalled carbon nanotubes
(MWCNTSs) were added in each batch of mixtures ancedithem for 30 minutes on the 600
rpm in attritor mill. After the addition of MWCNTghe mixture was milled on a low rpm to
avoid carbon nanotubes' damage. The MWCNTs werdupea by the catalytic chemical
vapor deposition (CCVD) method [133]. The amounMMWCNTs was chosen carefully. A
large number of nanotubes may cause densificatibibition [58] [47], hindera- to (-
transformation of $N4, agglomeration of nanotubes, and induce porosigintered samples.
The details of SN, powders and their characteristics are given inératl.

Table 5.1 — Detailed information about theNgipowders and their characteristics.

SN-CNT/0 | SN-CNT/10 | SN-CNT/20
Oxidation time (h) 0 10 20
Oxidation temperature (°C) 0 1000 1000
a—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 presset metallic tool die by a hydraulic
pressing under 200 MPa pressure for 5 seconds.eTepared samples are called green
samples (bodies) before a firing process to eliteimatained ethanol (8s0) and PEG in
samples. The green bodies process has been deésbiyba 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 sinteringess. The green bodies were sintered at
1700 °C under 20 MPa pressure in angds environment for 3 hours as a holding time. The
heating regime has been described eariehapter 4 and Figure 4.3. The heating rate Vgas 2
°C/min. The detail of the sintered samples is givehable 5.2.

These composite systems were sintered only at 1€0Because this sintering temperature
1700 °C was optimum in achieving completeSisN, to 3-SisN,4 transformation and better

mechanical properties than that of applying lowetesing temperature.
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Table 5.2 — Detailed information about the sintesathples of 3 wt% reinforced;Si
composites.

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/cnt) 3.161 3.199 3.235
Average size oB-SisNg (nm) | 46.6 4.4 48.1+4.9 448 +4.8

5.2. Investigation of starting powders

5.2.1. Structural investigation

The X-ray diffractogram of starting-SisN, powders with 3 wt% MWCNTSs before and after
oxidation are shown in Figure 5.1. No structuraarules were observed, including phase
transformation fromux to 3-SisN4 before and after oxidation of starting powder4.@®0 °C.
The structural peaks correspond mainlyt8isN4s ZrO, and ;O3 according to the JCPDS
PDF (01-076-1407), JCPDS PDF (00-83-0944), and JXCPPDF (01-089-5591),
respectively. MWCNTs were supposed to have a peak a 26.228 position according to
JCP2:01-075-162, but the present amount of MWCN&s Welow the detection limit of
XRD. The zirconia (Zr@) contamination was originated from the grindingdmeduring the

milling process.
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Figure 5.1 - X-ray diffractogram of starting powdeafter milling process.

5.2.2. Microstructural analysis of starting powders

Although XRD did not detect the presence of MWCNT ¢he starting powder, while SEM
image evidenced the incorporation of MWCNTSs in #tarting powders (Figure 5.2). SEM
images showed no significant damage of MWCNTSs, taedength of MWCNTSs fibers is up
to 8 to 10 um, and the diameter is 10 to 30 nmuieid.2). The particle size of silicon nitride
was reduced from 50 + 500 nm to 30 + 300 nm aftélmg. The agglomerations of powders'
small particles might be a mixture of sintering iisds and zirconia (Figure 5.2). The
agglomeration, clustering of MWCNTSs, and networkMiVCNTs arounda - SkN4 grains

were also observed in some areas of starting pawéegure 5.2).
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Figure 5.2 — SEM images of starting powders aftilinmg process, MWCNTSs presence are
evident in all powders: a) SN-CNT/0; b) SN-CNT/@0OSN-CNT/20.

5.3. Investigation of sintered samples

5.3.1. Structural investigation

Figure 5.3 presents the XRD analysis of sinteradpdas. XRD diffractogram revealed the
completea to B transformation of SN, after sintering at 1700 °C for 3 hours holdingdim

the nitrogen environment (Figure 5.3). Two maingdsg3- SkN4 (JCPDS PDF-00-33-1160)
and Y-ZrQ (JCPDS PDF-00-83-0944), were identified by XRCfrdiftogram of all sintered
composites (Figure 5.3). Other phases, includinpparg was not detected by XRD due to
their lower amount than the detection limit. SEMheique was again helpful; the SEM of
fractured surfaces revealed the presence of MWQNibgire 5.7). Surprisingly, 8\,0 was
not found in any of the sintered samplesNgD was supposed to be formed during sintering
because of the presence of Sgdntent in starting powders. Previously;NeO was formed
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by the oxidization of starting powders, and itseet6 on the mechanical properties were
observed. The reason for disappearing gl might be the reaction occurred between the
SiO, and carbon nanotubes. According to Equation 2Q@/CD, might be at a higher
temperature during sintering, which reduced the warhof carbon in the sintered samples.
The release of carbon by the oxidation in the caitpohas been reported by other
researchers, too [134] [108].
The SiQ was more likely consumed in the partial oxidateinMWCNTSs during sintering
and did not form SN,O phase.
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Figure 5.3 - X-ray diffractogram of sintered sangplblack diffractogram represents SN-
CNT/O0, red diffractogram represents SN-CNT/10 ane kiffractogram represents SN-
CNT/20.

5.3.2. Apparent Density

The apparent density of sintered samples was meh&yrthe Archimedes method and given
in Table 5.2. Apparent density increased slightlshvhe oxidation time, which attributes to

the gases in the form of CO/G@scaped from the bulk during the sintering pracess

5.4. Mechanical properties

5.4.1. Vickers hardness

Figure 5.4 illustrates the Vickers hardness of 3oWwlWCNTSs reinforced SN, composites.
The hardness of the investigated composites inedeagth increasing oxidation time of the

SisN, powder. The maximum hardness was measured for lsangontaining 20 hours-
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oxidized powders, and the lowest hardness valuemessured for the reference sample (SN-
CNT/0). The low hardness values compared to theofitbit ceramics prepared using the
same oxidized @N, powders (~17 GPa) can be explained by a low demasitl relatively

high porosity present in the composites after psice.

20 20 T T T T T T T T
18] 18 ]
16 _- -
14 i
12 — o

104

Vickers Hardness: GPa
Vickers Hardness: GPa
[ee]
1
= !

SN-CNT/0 SN-CNT/10h SN-CNT/20h
T T T T T T T T T T T T T 1
Samples 316 317 318 319 320 321 322 323 324

Apparnt Density: gm/cm  °

a) b)

Figure 5.4 — Vickers hardness of sintered compsség Vickers hardness increased slightly
with the oxidation tine; b) the influence of appatrdensity on the hardness of the
investigated systems.

5.4.2. Flexural Strength

A similar tendency was found for bending streng#iues. The powders' oxidation time
positively influences the density of the investeghsystems, which has a positive influence
not only on hardness but also on bending strengjties.

The 4 — point bending strength of samples SN-CNUf@oxidized), SN-CNT/10, and SN-
CNT/20 were 249.5 MPa, 263.25 MPa, and 296.6 MRapactively (Fig 6.5-a). The
composite SN-CNT/20h showed almost 2% higher degribéin that of SN-CNT/0, which
resulted in 16% higher flexural strength (Figurg 5.c).

A similar tendency was found in the 3 — point begdstrength of samples SN-CNT/0 (un-
oxidized), SN-CNT/10, and SN-CNT/20 was 313.25 MBa2.0 MPa, and 360.4 MPa,
respectively (Figure 5.5 - b). Relatively low bamglistrength was caused by the present
porosity and agglomeration/clusters of MWCNTs ire tbomposites and the MWCNTs
located betweer-SisN, grains and weakened the bonding between the grAinsigher
strength value in the case of 3 — point bending encath be explained by a lower effective

volume in 3 — point bending mode compared to the goint mode and with a lower
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probability of presence strength decreasing-defdotse to the tensile surface of the samples.
Balazsi et al. [135] reported a similar relationtveen density and flexural strength. They

reported that flexural strength of investigated posites increased with the increase of

density.
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Figure 5.5 — Flexural strength of sintered sampkes4 — point bending strength; b) 3 — point
bending strength and c¢) 4 — and 3 — point bendirength with respect to apparent density of
sintered samples.

5.4.3. Young’s Modulus

The values of Young’s modulus of sintered samples ahowed a relationship with the
apparent density of sintered samples. Young’'s musdof 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 systeneased with the oxidation time.

5.4.4. Fractographic analysis of fractured surfaces

Fractographic analyses have been performed onpbeirsens’ fracture surfaces after the
bending strength test (Figure 5.7). Micro-fract@ima revealed no such areas as fracture
origin, mist, mirror, and hackle are present in afyhe fractured surfaces. Usually, in high
strength structural ceramics, such characterisiigsons (mist, mirror, and hackle) appeared
around the fracture origin [136]. Due to such ardéas is easy to identify the fracture origin.
It would be worth to mention what are these charstic regions. A flat area immediately
surrounding the fracture origin is called a mirrAn outer region of the mirror looks like a
halo is called a mist. A region with ridges outsitle mist region is called a hackle. One of
the reasons behind such areas' appearance is l#sseeof strain energy during crack

propagation [136].

Micro-fractography shows no significant differendesthe microstructure and fracture of
investigated composites. These composites' micrdsire consists dB — SgN4 grains with
an average grain diameter of approximately uBband with an average length of ufn
similar to the grain dimension for the systems preg without CNTs addition. The
composites contain pores with size approximatelp 10 um often filled with bundles of
CNTs. The composite with more prolonged oxidatidrstarting powders has less porosity.
The fracture’s characteristic is mixed inter antlaigranular, pulled out of CNTs bundles with

length up to 2@m.
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CNT betweenB-Si3N4grains

CNT/10h and ¢) SN-CNT/20h.

5.5. Tribological properties

5.5.1. Coefficient of friction (COF)

The wear test revealed that in all cases was dricéfter a short initial stage (in order of
meters) rather stable and reproducible. There aig@gnificant differences in the investigated
composites' friction coefficients over the testmmg distance and show values between 0.6
and 0.7 during the sliding distance (Figure 5.8)e TTOF is in theun-in stage andteady-
statestage, almost relatively similar. This resultnsviery good agreement with the work by
Hvizdos et al. [66]. They found a similar or eveigher coefficient of friction for
SisNJ/MWCNTs composites, and the COF started to decressde when the MWCNT
content reached 5 wt% [66].
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Figure 5.8 - Coefficient of friction of investigdteystems: a) Overall average COF along the
sliding distance, and b) Average COF in run-in €agnd steady state stage.

5.5.2. Wear Rate

Figure 5.9 shows the wear rate of all the systéine.wear rate decreased with the oxidation
time, and this improvement is attributed to theréase of apparent density. Due to the
different technicality of tribo-machine, Wear ratiering therun-in, andsteady-stateould not

be calculated. Still, the overall wear rate is lowean that of monolithic systems. Similarly,
as in the case of hardness and bending strengtime¢heased density had a positive influence
on the wear resistance of the investigated comgmsénd with increasing density, the wear
volume was decreasing.
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Figure 5.9 - Wear rate of investigated systems.
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6. SisNz + 1 wt% graphene composites

After discussing the monolithic and MWCNTSs reinfedcsilicon nitride systems in chapters 4

and 5, this chapter will comprise the graphenefoeted silicon nitride systems.

6.1. Preparation of SisN, + 1 wt% graphene composites

The starting powder 90 wt% - SkN4 (Ube, SN-ESP), and sintering aids 4 wt% @\
(Alcoa, A16) and 6 wt% YO, (H.C. Starck, grade C), polyethyleneglycol (PEG¥fatants,
and ethanol were added to the powder mixture. Tieis¢éures were milled in a highly
efficient attritor mill (Union Process, type 01-HEIDDM) equipped with zirconia agitator
delta discs (volume of 1400 &rand zirconia grinding media (diameter of 1 mmyiA50 ml
tank. Each batch contained Zr@s contamination, which originated from the gnmgdmedia.

The milling process was performed with a high riotaspeed of 3000 rpm until 4.5 h.

Three types of commercially available graphene pktelets 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 NO06-010-P) [138]

1 wt% of each graphene’s type was added-f&isN, powders and milled with low rotational
speed, 600 rpm until 30 min. The milling with loywnn and shorter time was performed to

avoid damaging the graphene reinforcements pasticle

The substance was dried and sieved with a filtéh wimesh size of 150 mm. Green samples
(green bodies) were obtained by dry pressing atMP@. Before sintering processing, the

green bodies were heat treated at ZD@or 4 hours.

Two different sintering processes were performedeosify the powder compacts to observe
the effect of the sintering process on the prepadposites’ mechanical and tribological

properties. The sintering processes are given below

1. Hot isostatic pressing (HIP): Hot isostatic pregqiHIP) was performed at 170C in
high purity nitrogen by a two-step sinter-HIP meathesing BN embedding powder at

91



Detailed information about the prepared compositesgiven in Table 6.1.

20 MPa, with 3 h holding time. The heating rate dat exceed 25C/ min. The

dimensions of the as-sintered specimens were 3.smmm x 50mm.

Gas pressure sintering (GPS): Gas pressure sigt@iRS) was performed at 1700 °C

in high purity nitrogen using BN embedding powde2avPa, with no holding time.

The heating rate did not exceed 25 °C/min. The dsioms of the as-sintered

specimens were 3.5 mm x 5 mm x 50 mm.

Table 6.1 - Details of materials and parameterpr@paration

Starting Powders (wt%) Sintering Conditions -
Carbon | Type of i Sintering
No. _ - Holding | Pressure _
SisN; | Al,O3 | Y,03 | (wt%) additives | T (°C) _ Technique
time (MPa)
SN-1 90 4 6 0 - 1700 - 2 GPS
xGnP-M-
SN-2 90 4 6 1 1700 - 2 GPS
25
Angstron
SN-3 90 4 6 1 | N006-010-| 1700 - 2 GPS
P
xGnP-M-
SN-4 90 4 6 1 1700 3h 20 HIP
25
SN-5 90 4 6 1 xGnP-M-5 1700 3h 20 HIP
6.2. Investigation of starting powders
6.2.1. Microstructural analysis

Figure 6.1 presents the morphology of graphenedhddéhe SiN, matrix [139]. According

to the technical data sheet provided by the suphe particles have an average thickness of

approximately 6 to 8 nanometers and a typical sarfarea of 120 to 150 ¥g. These

commercial graphene platelets are exfoliated. kadfioh is vital for graphene, as its

precursors have layered structures held togetiheagh ionic and van der Waals forces [140].

Exfoliation involves the separation of plateletsnr one another, and it enhances the degree

of dispersion and integration in the matrix.
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100 nm

Figure 6.1 — SEM images of reinforcements: a) éatiedl graphene nanoplatelets (xGnP-M-
5) with 5um particle size; b) exfoliated graphene nanoplalgGnP-M-25 with 2am
particle size); ¢) nano graphene platelets (Angstd06-010-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 weresuresh by the Archimedes method. The
hot isostatic pressed (HIP) samples showed a bfigigher density than samples sintered by
gas pressure sintering (GPS). The HIP is prefaoethieve full density during the sintering
process. Table 7.2 shows the values of the deaigyntered samples. The 1 wt% graphene
added SN, composites have higher density, and it shows that% of reinforcement is an
optimum choice to achieve high density. As manypprtes depend on density, the positive
effect of high density should be realized in medtarand tribological properties.
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Table 6.2 — Apparent density of sintered samples.

Materials Apparent Density (g/ci)
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 ¢érgd samples. The hardness values of all
the samples are relative to each other. The higladsés were observed for the SN-1 sample,
and the hardness slightly decreased with the adddf 1 wt% graphene nanoplatelets. As

compared to MWCNTs added silicon nitride compositasse hardness values are higher.
Based on these values, the material can be apilite engineering sector under the load.
Higher addition (above 1 wt%) of graphene may iithilie densification process and induce

more porosity, which results in lower mechanicalgarties as lower mechanical properties of
3 wt% MCWNTSs reinforced silicon nitride composi{é41].
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Figure 6.2 — Vickers hardness of investigated syste
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6.4.2. Indentation fracture resistance (Kjeg)

The indentation method was used to measure theasitep’ fracture resistance. This method
was used because of the smaller size of specinzentlsan the required size for a standard
fracture toughness test. Figure 6.3 presents theuiie resistance values for the sintered
samples. The GPS silicon nitride shows slightlydodvacture resistance in comparison to the
silicon nitride prepared by the HIP. The highedugaof fracture resistance was recorded for
the sample SN-4 reinforced with exfoliated grapheaeoplatelets with 2am particle size
densified by the HIP. The high value may tribute tiniform dispersion of graphene, larger
particle size, high density and good bonding wité silicon nitride matrix grains due to the
processing technique. However, this is early tockaie what did parameter contribute to
fracture resistance because the SN-2 also cortteersame type of graphene but exhibited the
lowest fracture resistance.
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SN-1 SN-2 SN-3 SN-4 SN-5

Samples
Figure 6.3 — Indentation fracture resistancg{K) of investigated systems.

6.4.3. Fractographic analysis

Analysis of fractured surfaces is essential to ftifenthe nature of cracks and their
propagation, microstructure, and bonding betwe@nfaeement particles and matrix. The
scanning electron micrographs reveal the fractwegases (Figure 6.4) [139]. These
micrographs show not only the dispersion but tleallcontacts between tiffe- SEN4 grains

and graphene platelets. Here, only selected refulsamples sintered at HIP are presented.
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The white arrows show embedded graphene's locatidine matrix3 - SkN4 grains in the
micrographs. Uniform dispersion of graphene wasepfesl in the composites. 1 wt% of
reinforcement is a small amount, and the uniforgpeision is easier, but it is difficult to
realize its influence on the properties. Despitéoum dispersion of graphene, the graphene
particles induced porosity in the matrix as wellp@ssible solution to this issue is to separate
the nanosheets and prevent agglomeration duringrteess.
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Figure 6.4 — SEM fractured surfaces of sinteredanalts: 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 frict{@OF) under 5 N and 13.5 N loads in the
run-in stage (0 — 40 m) argleady-state stagd0 — 720 m) for the investigated systems. After
the run-in stage, the coefficient of friction under the tegticonditions was stable for all
studied systems. The average coefficient of frictiosteady — state was between 0.40 to 0.47
under a 5 N load. In the case of an experimentub8& N, average COF was perceived in
the range of 0.55 ~ 0.69. Generally, higher COFeurfdgher load and lower COF under
lower load might be due to the Hertzian contacsguee. Higher load exerts higher contact
pressure which response to high COF.
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The lowest coefficient of friction under both loadsN and 13.5 N, was recorded for SN-1
prepared by gas pressure sintering. At the same, 8N-5 responded with the highest COF
under both loads, 5 N and 13.5 N.
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Figure 6.5 — Coefficient of friction of investigdteomposites: a) COF under 5 N loads; b)
COF of composites during (0-40 m) and 40-720 mpeuadN load; ¢) COF under 13.5 N
loads; d) COF of composites during (0-40 m) and720-m) under 13.5 N load.

6.5.2. Wear rate

Figure 6.6 shows the wear rates under loads ofandN13.5 N for the investigated systems.
The investigated systems' wear rates are in thgeraf 10° ~ 10’ mnm?/N.m. Overall, the
wear rates of systems under 5N loads are lowerttiatrof systems under 13.5 N. The lowest
wear rate was observed for SN-1 under both loadsafd 13.5 N. The highest wear rate was
recorded for SN-4 under the load of 13.5 N. Thealetd results do not show a correlation
with the microstructure features, reinforcementpaot, or processing technique. Further
investigation is needed to prove the effect of farements or processing techniques on the

composites’ wear properties.
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Figure 6.6 — Wear rates of silicon nitride compesitvith 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 aedlyby SEM to identify wear
mechanisms. Identical wear mechanisms were idedtiin all investigated systems, so
selected images are presented here (Figure 6.8)wdm surface of the SN-1 was relatively
smooth, with only a small amount of abrasion groaed adhered debris. Under the higher
load (13.5 N), micro-crack formation and spalliagdrs were also observed. Based on SEM-
EDX results, the white spots correspond to Zrdntaining phase, and the Zr@vas

originated from milling media.
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Figure 6.7 — Wear mechanisms identified by SEMvegr tracks for SN-1 under 5 N and

13.5 N; b) wear track under 13.5 N with higher mifigation, microcracking; c) wear track
under 5 N load with higher magnification; d) weeadk of SN-4 under 5 N load.

Figure 6.8 reveals the inside of wear track of dangiN-5 under 5 N load prepared by the
HIP with the reinforcement of 1 wt% exfoliated ghape nanoplatelets with a particle size of
5 um. SEM image of the wear track reveals it seemstdain more plastic deformation in
the wear tracks. It was also observed that trim-#fvas formed and broken. It can be seen the
worn-out particle’s composition shows the formatafrtribo-film and its removal when the
frictional forces surpassed the threshold valugufg 6.8). The SEM image also revealed that
graphene platelets integrated well and bonded glyonth the S§N,4 grains.
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film on the surface; and b) elemental compositibwarn film.
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7. Conclusion

Novel findings are summarized as follows:

1. | demonstrated that in-situ SpN,O could be produced in the SN, matrix by
oxidizing the starting powders at 1000 °C, addingxides (4 wt % ALO3, 6 Wt%
Y.03) as sintering aids, and densifying the powders cqracts by hot isostatic
pressing (HIP) at 1500 or 1700 °C in an Ngas environment under 20 MPa

pressure for 3 hours.

It was demonstrated successfully that the prodocifan-situ SpN,O is feasible by oxidizing
the starting powders. For the first time, the i+rsspN,O was produced by adopting the
techniques described earlier in the Chapter 4.stéwing powderst - SN, were oxidized at
1000°C in an ambient environment for 10 and 20 hoursaAssult of oxidation, a nanolayer
of amorphous Si©was formed om - SkN4 particles, according to thiequation 4.1

The formation of the SiPlayer was confirmed by HRTEM resuliBigure 4.7) and EDX
analysig(Figures 4.5 and 4.6)

During the sintering process, thel$iO was nucleated due to a reaction betwegN;Snd
SiO, (Equation 4.2).

The presence of the 8,0 phase was confirmed by XRD analyglsgure 4.9). The
mechanism of the in-situ growth of,HpO has been describedfigure 4.1Q The amount of
SibN,O increased with an increasing amount of oxygenesdnn starting powders, which is a

function of oxidation tim€Figure 4.11 — b).

2. | demonstrated that the SpN,O phase could be preserved above 150G by
applying a high pressure of N (20 MPa) gas during sintering and a suitable

selection of sintering aids (AIO3; and Y203).

It has been proved here that the formation gfli&) started at a lower temperature thandhe
to B- transformation temperature, and the higher camagon of oxygen in starting powders
favored the formation of 8,0 and hindered the crystallite growth®fSikN4 (Figure 4.12
— b). Contrary to other researchers' findinggNsO was found stable above 1580 in the

current work. A few researchers reported the deasitipn of S}N,O phase above 150C
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(according to Equations 4.3 and 4.4ylue to the addition of sintering aids otQi above
their threshold amount.

The SpN,O phase above 150 can be preserved by adopting a high pressure, (Ol
MPa) gas during sintering and a suitable seleatiosintering aids (AIO; and Y>Os3). XRD

spectra of sintered composites confirms the preseh8pN,O phasgFigure 4.9).

3. I demonstrated thata - SkN4 can be fully transformed to3 - SkN4 phase during

hot isostatic pressing at 1700C under a pressure of 20 MPa of hgas.

The complete transformation of phaseSisN, to phaseB-SisN, is possible by optimum
conditions hot isostatic pressing (HIP) at 17Q0for 3 hours holding time under a pressure of
20 MPa of N gas. -SisNy4 is tougher than that @f-SisN4 because of its elongated hexagonal
structure an@ phase acts a self-reinforcing agent in the mand its presence induced the
toughening effect and enhanced the fracture towgghrnene amount g phase is crucial to
improve the fracture toughness. TRephase was decreased, and the indentation fracture
resistance K;rr) was also decreased in the samples produced byaHIF00°C (Figure
4.17).The highest indentation fracture resistan€gg) values were achieved in the sample,
which contained the highest amounf3gbhase. Here, it was proven that sintering tempegat
1500 °C is lower for the complete phase transformatiod amxed a and 3 phases were
achievedFigure 4.9 — b) By optimizing the sintering temperature, the ndixdases andf3
can be achieved in the composite, and the desatezhrofa/f3 can be achieved by optimizing

the sintering temperature, holding time, and gassure.

4. Monolithic SizNg — processed from oxidized and un-oxidizedr-SisN, powders
sintered at 1500°C and 1700°C by HIP under a pressure of 20 MPa of hgas —
exhibited higher values of Vickers hardness, flexwa strength and Young's
modulus as compared to MWCNTs reinforced silicon nride composites
processed from oxidized and un-oxidizedi-SisN4 powders sintered at 1700C by
HIP under a pressure of 20 MPa of M gas. The addition of carbon nanotubes was

detrimental to the mechanical properties of silicomitride.

Comparatively, higher mechanical properties (Viskbardness, flexural strength, Young’s

modulus) were achieved in the case of monolitHicasi nitride systems, and the mechanical
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properties were decreased with the addition of 36whulti-walled carbon nanotubes
(MWCNTS).

Figure 7.1shows that all monolithic silicon nitride systedensified by HIP either at 1500 or
1700°C exhibited higher Vickers hardness under 10 Niagdbad than the silicon nitride
with 3 wt% MWCNTSs prepared by HIP at 17€0.

20

Under 10 N load

SN-12/200

18 -
16-.
14
12-.

10

N SN-17/10M

Vickers Hardness (GPa)

- pan

Monolithic Si N , Composites BN WLIEWCNT

Figure 7.1 — Vickers hardness of monolithic and MWWE reinforced silicon nitride

composites.

Monolithic SgNs systems showed higher Flexural strength (based enpoint bending
strength) than that of 3 wt% MWCNTS reinforcedcgih nitride composited-igure 7.2)
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Figure 7.2 — Flexural strength of monolithic sysseamd 3 wt % MWCNTs added silicon

nitride systems.

Monolithic silicon nitride systems exhibited thegher Young’s modulus than that of 3 wt%
MWCNTSs reinforced silicon nitride composites, respeely (Figure 7.3).

300

Young's Modulus (GPa)

Monolithic SiJN i

SigN +3 WL%MWONTS
Composites -

Composites

Figure 7.3 — Young’'s modulus of composites: madmolBsN, and SiNg + 3 wt% MWCNTS.
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5. | reported the detailed study of wear characteristts of monolithic SgN4 ceramics
containing in-situ grown SipN,O processed from oxidizedn - SsN4 powders for
the first time. Monolithic SisN4 with in-situ grown Si,N,O prepared by HIP at
1500°C under 20 MPa pressure of M for 3 hours have lower wear rates in dry
conditions that that of monolithic SgN4 with in-situ grown Si,N,O prepared by

HIP at 1700°C under 20 MPa pressure of Mfor 3 hours.

Best to author’s knowledge, the tribological belbawf silicon nitride systems containing in-
situ grown SiN,O is not reported yet in the literature. Followingain findings have been

reported:

1. The wear rates of the systems sintered at P&RDWere lower in comparison to the
wear rates for the systems sintered at 1’TQ0

2. The lowest wear rate, 1.224 x“1@nn?/Nsm, was measured for the system with 10
hours oxidizedx -SisN4 powder sintered at 1500 °C.

3. The wear rates decreased exponentially after theimg-in stage for all investigated
systems.

4. The main wear mechanisms were identified in thenfof abrasive wear with grain

pull-out, micro-cracking, and debris formation ttggr with tribo-film formation.

The study of these composites' tribological behasgon section4.5 andfigures 4.19, 4.20,
4.21,4.22,4.23

6. Based on results, 1 wt % graphene nanoplates (GnPsye more promising
candidates than 3 wt% MWCNTSs as reinforcements inhie silicon nitride matrix

for robust tribological properties tested by identcal parameters.

Based on available tribological results for MWCNTRdagraphene reinforced 38l
systems, the 1 wt% graphene reinforcegNscomposites showed lower wear rates under
identical testing paramete(Eigure 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 = 3Ny ball (D=6.35 mm),
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7.1.

3
Wear rate (mm /m.N)

- Sliding Conditions = dry,

- Load =13.5N&5N,

- Sliding speed = 0.1 m/s,

- Total sliding Distance = 720 m,

- Average Hertzian pressuiig2 GPa.

4,0x10° - Test configuration = Ball-on-Plate
Counter body = Si;N, ball (D=6.35 mm)
Conditions = dry
3,0x10° Load = 13.5N
Sliding speed = 0.1 m/s
Total sliding Distance = 720 m
-5
2,0x10" ] Average Hertzian pressure ~ 2 GPa
1,0x10° -
0,0 -
SN-CNT/0 SN-CNTM0 SN-CNT/20 - 1-‘3'“ SN-2 SN-3 SN4 SN«.'»~l
I*SisN 3 Wt%MWCNTs | SiyN+1 Wt% Graphene Composites
Composites
Figure 7.4- Wear rates of investigated systems.
Further challenges

Further progress is expected in the developmemhafolithic and carbon nanofillers

reinforced SN, composites with the aim:

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

To achieve an optimized amount of in-sityN&O can be possible by optimizing the
oxidation of starting powders. The desired amouhtSpN,O can be achieved by

optimizing the oxidation of starting powders. Ihet words, the amount of the desired
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SibN2O can be achieved by optimizing the amount of oxitase (Si@) in the starting
powders,
To achieve the desired amount [BSisN, can be possible by optimizing the sintering

parameters such as sintering technique, tempergi@ssure, and holding time,

To solve the problem of difficulties relating tosdersing carbon nanofillers mainly with
an increasing concentration of nanofillers by tledphof advanced processing such as
colloidal processing, etc. This will help not oiythe elimination/limitation of strength-
decreasing defects in the composites, but alsonamneasing the number of active
nanofillers in the toughening process and an irsg@anumber of constituents for
increasing the tribological and functional propestas well,

To realize an effective carbon nanofillers reinfanent strategy while optimizing the
nanofillers/matrix interface in such a way as teeéhthe adhesion between the nanotube
and the matrix be not so strong as to introduce®tdne failure before debonding, but to
have the adhesion be not so weak that the fridti@séstance to sliding is minimal,

To make advances in improving the properties of iffexticarbon nanofillers and in the
field of in-situ reinforced composites with the aim to offer proasgsof SgNs +
CNT/graphene composites with improved functionalpological and mechanical
properties,

To improve the most promising processing methodsh sas aqueous colloidal
processing, ultrasonication, bead milling, impro&felS, electric field-assisted pressure-
less sintering, usually named flash sintering, etc,

To introduce new characterization and testing nothan the area of Raman
spectroscopy, focused ion—beam (FIB) techniqueraoamtilever technique for fracture
toughness testing, etc,

To design new systems in the form of carbon naeofiiconcentrated, functionally
graded and layered carbon—ceramic composites,ietcombination with other carbon-
based fillers as graphene platelets which woul@lguffer multi-functional properties
for challenging functional, bio-medical and strueluapplications,

To improve the applications of carbon-ceramic matranocomposites such as: load-
bearing structural parts, wear or friction surfacesedical devices and implants,
automotive, aerospace, power generation applicgtiool and die materials, and military
field applications.
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