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ABSTRACT

Silicon carbide (SiC) ceramics are considered as suitable materials for various structural
applications such as nozzles, heat exchanger tubes, mechanical seals, bearings, cutting tools or cylinder
liners because of their superior properties of high hardness, high temperature strength and excellent
resistance to wear and corrosion. Accordingly, extensive research has been carried out towards estimating
the tribological potential of these ceramics in various wear conditions. One promising approach for
improving wear performance is to combine the properties of different materials. Examples are SiC-TiC
composites for improved fracture toughness and SisNs—SiC composites for improved strength. A new
approach that has received much less attention is the incorporation of WC in SiC ceramics. As SiC has
higher hardness and oxidation resistance, and WC has better strength and fracture toughness, superior
wear resistance is expected for SiC-WC composites.

In order to thoroughly assess the potential for different tribological applications such as bearings
for the liquid rocket engine turbopumps, bearings for rotary shafts, nozzles, heat exchangers,
transportation medium for hot abrasive materials, turbine blades, cylinder liners, and cutting tools etc., a
systematic investigation on the behaviour of hot pressed SiC-WC composites in continuous/reciprocated
sliding wear and solid particle erosive wear conditions is made for the first time in the present work. The
study particularly emphasizes the effect of WC content in SiC ceramics and wear test parameters on
tribological behaviour of SiC-WC composites, and provides understanding on material degradation
mechanisms. First chapter contains a brief introduction of SiC ceramics and major objectives of present
thesis. The second chapter gives a comprehensive literature review on sliding and erosion behaviour of
SiC ceramics and SiC based composites. Particularly, effect of microstructure and mechanical properties
on tribological behaviour of SiC based ceramics is highlighted. The third chapter deals with the details
of experimental procedure carried out in line with scope of the work. Details of composition and method
of preparation of investigated materials is reported and this is followed by characterization of
microstructures and evaluation of mechanical properties of SiC-WC composites. Details of experimental
techniques involved in estimating tribological behaviour of the composites in sliding wear, reciprocating

sliding wear and erosion wear conditions are explained. The analytical methods to understand the surface



of unworn or worn composites are also explained. Further, techniques used for surface and subsurface
characteristics of worn surfaces are described. The present work mainly includes four major parts.

The first study dealt with continuous sliding wear behaviour of SiC-WC composites. In this part
of the study, hot pressed SiC ceramics was subjected to dry sliding wear at 5 N, 10 N and 20 N load
against SiC (Hardness: 28 GPa), WC-Co (Hardness: 14 GPa) or steel (Hardness: 7 GPa) ball.
Experimental results indicated highest friction against WC-Co ball and highest wear against SiC ball at
a given load. Mechanical fracture and abrasion are observed as major mechanisms for material loss
against any ball. Extensive fracture of worn surfaces observed for SiC ceramics against SiC ball as
compared WC-Co or steel ball at 20 N load. Considering maximum wear at 20 N load against any ball,
SiC-WC composites were subjected to sliding wear against different counterbody at 20 N load. Friction
decreased with WC content against SiC or WC-Co ball while it increased against steel ball. Generation
of hard iron tungsten oxide (FeWQ4) debris in ceramics during sliding against steel is believed to cause
high friction. The increased fracture toughness of SiC ceramics with WC content caused reduction in
extent of fracture during sliding against any ball and led to reduced wear. Significant change in major
wear mechanism of SiC-WC composites is observed with change in counterbody. Against SiC ball, SiC-
WC composites showed mechanical fracture as dominant wear mechanism, while worn surfaces of
composites revealed tribochemistry with increased WC content against WC-Co or steel ball. Frictional
behaviour of composites was independent of ball hardness, while wear influenced by the hardness of
counterbody and fracture toughness of SiC-WC composites.

The second part of study was aimed to understand the tribological behaviour of SiC-WC
composites in reciprocated sliding wear conditions. Based on the highest wear obtained against SiC ball
in first part of the study, the investigated composites were subjected to unlubricated reciprocating sliding
wear against SiC balls at 6 N, 9 N or 19 N load at room temperature and 500°C. The friction decreased
with load and WC content at room temperature. SiC-WC composites exhibited maximum wear resistance
with 50 wt% WC in room temperature and 30 wt% WC at high temperature and 19 N load. Effect of high
humidity (55+5% RH) (compare to (40 £10% RH) in continuous sliding study) is observed to dominate
responsible mechanisms of material removal in SiC-WC composites. Worn surface analysis indicated
tribochemistry and microfracture as dominant wear mechanisms for sliding in ambient conditions,
whereas microfracture dominated at 500°C. Wear results obtained at high temperature are in consistent

with the lateral fracture model for wear volume estimation. Friction and wear results in reciprocated



sliding conditions advocated the effect of fine grain size and improved mechanical properties of SiC-WC
composites.

In the third part of study, the SiC-WC composites were subjected to SiC particle erosion wear at
high temperature (800°C). In particular, influences of WC particles and angle of impingement (30°, 60°
or 90°) of erodent on erosion performance were evaluated. The erosion rate of the composites increased
with increased impingement angle from 30° to 90° and decreased up to 30 wt% WC content. SiC
ceramics prepared with 30 wt% WC exhibited highest wear resistance at a given angle of impingement
of erodent. Maximum erosion wear rates were obtained for SiC-50 wt% WC composites at normal
impact. Worn surfaces revealed grain fracture and pull-out as major mechanisms of material removal for
the composites in selected high temperature erosion conditions. Reduction in grain fracture and pull-out
observed with decrease in angle of impingement. Owing to the highest hardness the SiC-30 wt% WC
composites showed lowest erosion loss. Weak bonding with agglomerated WC particles and severe
fracture of SiC grains at normal impact led to a large amount of material loss for SiC-50 wt% WC
composites.

It is observed from the experimental results that the performance of the composites in wear
conditions is largely influenced by the dominant wear mechanisms of material removal. Therefore
subsurface of worn composites were systematically studied in the last part of the thesis to elucidate source
of material loss. Subsurface analysis under the worn region after dry sliding wear of SiC-WC composite
against SiC ball was studied to assess the source of material removal mechanism. Focused ion beam
(FIB) cross sectioning on worn surface of SiC and SiC-50wt%WC composite is done to investigate the
damage beneath the worn surface. SiC ceramics showed significant damage of ~ 1 um thickness beneath
the worn region, while damage beneath the worn region of SiC-50 wt% WC composites limited to ~ 300
nm. Beneath the damage region, cracks were initiated as microcracks and extended up to ~2 pum
downwards the worn surface for SiC ceramics; eventually leading to material removal. TEM analysis of
damaged zone of SiC-50 wt% WC composite demonstrated a network of stress induced dislocations and
twins in SiC grains. Considerable restriction in the crack propagation by deflection/bridging is observed
by WC particles in the SiC-50 wt% WC composites.

Results obtained from the series of experiments in the present research truly illustrate the significant role
of composition (microstructure), mechanical properties and experimental conditions on the tribological

performance of SiC-WC composites. A variation in WC content leads to a considerable difference in



microstructure and mechanical properties, and hence affected the tribological behaviour of composites.
Wear test parameters like load, counterbody, temperature and angle of impingement additionally
influence friction and wear characteristics of SiC-WC composites by changing the dominant wear
mechanisms.

In the backdrop of the present experimental research, it can be concluded that addition of WC is
recommended for applications in wear conditions. SiC-50 wt% WC composites are not recommended
for use in sliding wear conditions at elevated temperatures. Overall 30 wt% WC addition would be

beneficial in any wear conditions when compared to monolithic SiC ceramic.

Keywords: Silicon carbide; Tungsten carbide; Sliding wear; Erosion wear; Subsurface; Counterbody;

Erodent; High Temperature.
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CHAPTER 1

Introduction

Silicon carbide (SiC) also known as carborundum, a well-recognized structural ceramic material
has been used in industries for a long period owing to its unique combination of properties such as high
hardness, high modulus, high temperature strength, good oxidation resistance, excellent wear resistance,
good thermal shock resistance and high thermal conductivity [Buchheit 2009; Youn 2014; Roewer 2002;
Silvestroni 2010].

The fundamental structure of covalently bonded silicon carbide is a coordinated tetrahedron,
either SiC4 or CSis. Although a great variety of SiC polytypes is known, important are cubic polytype
referred as B-SIC, and non-cubic structures (hexagonal or rombohedral) as a-SiC [Shaffer 1969; Iwata
2003; lzhevskyi 2000; Jeong 2014]. The strong covalent bond and extremely low self-diffusion
coefficient (10°3-1014 cm?/sec) pose difficulties in densification of SiC powders at lower temperatures.
The densification is possible only at extremely high pressures (30-100 MPa) and temperatures exceeding
2100°C. In order to achieve high density at lower temperatures and pressures, use of sintering aids is
necessary [Hase 1980; Negita 1986; Sciti 2000; Basu 2011a, b; Zoli 2017].

Metal oxides, Al-B-C, AIN-metal oxides as sintering additives during liquid-phase sintering
tailor the microstructure and improve fracture toughness of SiC ceramics [Rixecker 2001; Lee 2001;
Kumar 2011; Ortiz 2012]. The platelet-reinforced microstructures exhibit enhanced toughness due to the
combination of intergranular crack mode, introduced by the glassy grain boundary phase, and energy
dissipating processes in the crack wake [Silvestroni 2015; Becher 1991]. Sintering additive composition
also affect the crystallinity of grain boundary phase of SiC ceramics. Further details on sintering and
microstructure can be found elsewhere [Sciti 2000; Choi 2002, 2004; Kim 2005, 2007a,b; Kumar 2009].

In an industrialized society, an important part of the gross national product is spent on damages
as a consequence of wear [Blau 1992; Kosel 1992]. Therefore, very high growth in the demand of
advanced materials has been reported [Gurunath 2007; Basu 2011; Gebretsadik 2011; Bijwe 1997,
Lundmark 2009; Kim 2012; Krishna 2003, 2006, 2015; Fahrenholtz 2017; Monteverde 2016]. Owing to
attractive properties, advanced materials like SiC based ceramics are preferred for several tribological

and structural applications such as turbine parts, heat exchanger tubes, mechanical seals, bearings,



cylinder liners, burner parts in fluidized bed combustion system, bullet proof vests, cutting tools etc.
[Sonber 2017; Kim 2007; Herrmann 2014; Kim 2014; Lim 2014; Grasso 2015; Placette 2015]. Some
typical structural applications of the SiC ceramics are shown in Figure 1.1. A thorough understanding
on tribological behavior of SiC ceramics is required for their efficient use as triboelements. Accordingly,
extensive research has been carried out towards estimating tribological potential of SiC and SiC-based
composites [Hsu 2004; Zum-Gahr 2001; Lopez 2005a,b, 2007a,b,c; Ciudad 2012; Ortiz 2012; Dulias
2005; Kim 1998; Li 2014]. Available literature on tribology of SiC ceramics can be broadly divided into

two categories: sliding and erosion.

® Study.com

Figure 1.1. Typical structural applications of SiC based ceramics

Based on the conditions of sliding and characteristics of SiC and SiC based composites, the
coefficients of friction (COF) in unlubricated sliding studies are reported to vary in a wide range of
0.2-0.8, which decreased up to 0.02 in lubricating media like water, paraffin oil etc [Lopez 2005a,b,
2007a,b,c; Ciudad 2012; Ortiz 2012; Gates 2004; Hsu 1996; Kato 2002]. Wear rates in sliding conditions
varied in the order of 107 - 10 mm?®/N.m [Cranmer 1985; Dong 1995; Zum-Gahr 2001; Murthy 2004;
Jordi 2004; Udayakumar 2011]. When SiC ceramics are subjected to sliding, complex friction and wear

behavior can be described by several mechanisms of material removal. According to Hsu et al. [1996], a
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transition in material removal mechanisms occurs from abrasion in air or water at a low speed of 1.9
mm/s and a low load of 2 N to intergranular fracture at a high speed of 0.6 m/s and a high load of 360 N.
Kumar et al. [2011] reported a change in sliding wear mechanism from microcracking at 1 N load to
tribochemical wear at 13 N for SiC ceramics containing a small amount of additives. In case of SiC-
based composites, worn surfaces reveal adhesion, plastic deformation and/or tribooxidation [Woydt
1993]. Umeda et al. [1993] observed only polishing and grooves without any cracks when SiC/ (ZrB2 +
B4C) composites were subjected to wear in ambient conditions. For liquid-phase-sintered SiC-TiB:
composites, wear is reportedly initiated by grooving and a subsequent grain pull-out process [Cho 1996].
Micele et al. [2010] observed an almost 400-fold increase in wear when the sliding speed reduced from
2.0 m/s to 0.5 m/s in SiC-MoSi> composites. In other study [Sang 2000], fine SiC particles used in
preparing Si/SiC-Ni composites exhibited increased wear resistance when sliding tests were conducted
at 0.45 m/s sliding speed and 20 N applied load.

Erosion of SiC ceramics is mainly studied in solid particle erosion conditions, while that in
cavitation conditions is limited [Dulias 2005]. Solid particle erosion of SiC and SiC-based composites is
reported to occur generally by brittle fracture as a result of lateral and radial cracking. The erosion rate
ranges from 107 to 10° mm?®kg based on erosion test parameters, and microstructural and mechanical
characteristics of SiC ceramics [Routbort 1980, 1983; Wang 1990; Wang 1995; Kim 1998; Sharma 2014;
Li 2014]. The complex tribological behavior of SiC ceramics and their composites in solid particle
erosion conditions was mostly explained by several material removal mechanisms such as mechanical
fracture, chipping, plastic deformation, ploughing, and/or formation and removal of tribooxide layer
[Basu 2011; Routbort 1980, 1983; Wang 1990; Wang 1995; Kim 1998; Sharma 2014; Li 2014].

Jianxin et al. [2007] studied erosion wear behavior of SiC/(W, Ti)C laminated ceramic nozzles
produced by hot pressing in dry sand blasting processes. They reported that the laminated ceramic
nozzles were superior to the homologous stress-free ceramic nozzle due to the formation of compressive
residual stresses in the nozzle entry region. Kim and Park [1998] observed that the erosion rates of hot-
pressed monolithic SiC ceramics and SiC-TiB. composites did not increase monotonically with
increasing particle size. Rather, the erosion rate was higher for the SiC-TiB. composite with higher
fracture toughness but had a lower hardness compared to monolithic SiC. Large erodent particle size and
elevated temperatures are reported to lead to lower erosion rates for SiC-TiB2 composites when compared
against SiC ceramics [Colclough 1997].



A new combination that has received much less attention is the incorporation of tungsten carbide
(WC) in SiC ceramics. Improved wear resistance is expected by adding tough and strong WC in the hard
SiC matrix. Powder metallurgy route is suitable for manufacturing such composites. Pang and Li [2009]
prepared porous SiC-WC composites by solid reaction of Si and WC for applications that involve low
thermal expansion. Zhang et al. [1998] prepared dense and strong SiC-Si composites reinforced by WC
particles by hot pressing. The understanding on tribological behaviour of dense SiC-WC composites is
limited.

In the present work, hot pressed SiC ceramic composites with varying WC content (0 to 50 wt
%) were studied for understanding their tribological behaviour. Considering the importance of the
influence of microstructure and mechanical properties in different wear conditions, SiC-WC composites
were investigated in continuous sliding, reciprocated sliding and solid particle erosion wear conditions.
The effects of material parameters (WC content) and wear test parameters (load, counterbody,
temperature, angle of impingements etc.) are systemically studied. The important part of the thesis work
is to elucidate the mechanisms of material removal of investigated SiC-WC composites in the given wear
conditions. The major parts of the present thesis work are schematically presented in Figure 1.2. An
attempt is made to understand the effect of composition (microstructure), mechanical properties on

tribological behaviour of the SiC-WC composites.

1.1. Objective of the thesis:

The present study is conducted to understand the tribological behaviour of hot pressed SiC-WC
composites in different wear conditions. The following are major objectives (also represented in Figure
1.2):

» To study the effect of WC content on friction and wear behaviour of SiC-WC composites in

continuous sliding wear conditions.

» Tostudy friction and wear characteristics of SiC-WC composites in continuous sliding conditions
with respect to test parameters i.e. effect of load and counterbody materials (SiC ball, WC ball
and steel ball).

» To understand the effect of WC content, load and temperature on tribological behaviour of

composites during reciprocated sliding wear.



» To understand the solid particle erosion behaviour of SiC-WC composites at high temperature
(800°C) as function of angle of impingement of SiC erodent particle and WC content.

» To elucidate dominant mechanisms of material removal of SiC-WC composites as function of
W(C content and wear test conditions.

» To propose a relation of composition (microstructure)-mechanical property-wear test parameters-

tribological behaviour of the investigated composites.
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Figure 1.2. Schematic representation of the major parts of the present thesis.



1.2. Structure of the thesis:

In order to envisage the above listed objectives, the thesis is structured as per the following:

Chapter-2: Literature review
A comprehensive review on sliding and erosion behaviour of SiC ceramics and SiC based

composites as function of microstructure and mechanical properties is provided in this chapter.

Chapter-3: Experimental techniques

Basic characterization of the investigated composites is explained. This is followed by details of
experimental techniques involved in estimating properties of the composites in sliding wear,
reciprocating sliding wear and erosion wear conditions. The analytical methods to understand the surface

of unworn or worn composites are also explained.

Chapter-4: Effect of counterbody material on sliding wear behavior of SiC-WC composites

In this chapter, the effect of load (5 N, 10 N and 20 N) on friction and wear behavior of SiC
ceramics is studied in continuous sliding wear conditions. Effects of WC content in the composites and
counterbody (SiC, WC and steel) materials on tribological behavior during sliding wear are particularly
discussed. This is followed by the study of major material mechanisms in different tribological

conditions.

Chapter-5: Reciprocated sliding wear behavior of SiC-WC composites

Major results obtained in understanding the tribological behaviour of the composites in
reciprocated sliding wear conditions are provided in this chapter. First, the effect of load on friction and
wear behaviour of SiC ceramics is explained. Further, tribological behaviour of the SiC-WC composites
is discussed as function of (10-50 wt%) WC content and temperature (ambient and 500°C). Finally, major

material removal mechanisms are elucidated.

Chapter-6: High temperature erosion wear studies of the SiC-WC composites
This chapter deals with high temperature (800°C) solid particle erosion response of SiC-WC
composites against SiC erodent. Effect of WC content and angle of impingements of SiC erodent on
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erosion behaviour of SiC-WC composites is highlighted. Changes in material removal mechanisms with

varying erosion test parameters and WC content in the composites are explained.

Chapter-7: Subsurface studies of worn SiC-WC composites using FIB/HR-TEM.

In this chapter, subsurface analysis using focused ion beam (FIB)/FEG-SEM cross sectioning of
worn SiC and SiC-50 wt% SiC composite after sliding wear against SiC ball at 20 N load is performed.
Damaged region is investigated for the origin of macrocracks during wear such as generation of stress

induced dislocations or twins under HR-TEM.

Chapter-8 Conclusions and future scope

In the first part of this chapter, major conclusions obtained in the present study on the tribological
behavior of SIC-WC composites as function of composition (WC content) in SiC-WC composites and
test parameters in wear conditions like load, counterbody in continuous sliding, temperature in
reciprocated sliding, angle of impingement and temperature in erosion etc. are highlighted. A clear
understanding on the material removal mechanisms in respective wear conditions is particularly
provided. Further, relations among microstructure, mechanical properties, experimental parameters and
tribological properties of the composites are given. In the other part of the chapter, outcomes of the
present research are used to list out potential directions for further research in assessing the potential of

the SiC-WC composites. An outline of the present doctoral investigation is presented as Figure 1.3.
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CHAPTER 2

Literature review

In this chapter, a comprehensive review on the available literature on sliding and solid particle
erosion wear characteristics of silicon carbide (SiC) ceramics and SiC-WC composites is provided.
Sliding or erosion wear behavior of ceramics is dependent on various material characteristics as well
as test parameters. Results obtained between varieties of pairs of SiC ceramics that indicate complexity
in understanding dominant mechanisms of material removal are discussed. Effects of microstructural
and mechanical properties of SiC ceramics are particularly focused to understand tribological
performance of SiC ceramics. Also, the effect of test parameters like load, temperature on tribological

behaviour of SiC based ceramics are discussed.

2.1. Sliding wear of SiC ceramics

Sliding wear of SiC ceramics are reported mainly using ball-on-disk or pin-on-disk tribometer.
SiC ceramics showed complex behavior of wear influenced by sliding test parameters, material or
environmental parameters in lubricated/unlubricated sliding conditions|Adewoye 1981; Andersson
1994; Wang 1996; Basu 2011; Ciudad 2012, 2013; Lopez 2005a,b, 2007a,b,c; Cho 1996; Murthy
2004]. In this section effect of microstructure and mechanical characteristics on sliding wear of SiC
ceramics is discussed. This is followed by detailed understanding on dominant wear mechanism of SiC
ceramics in sliding conditions.

2.1.1. Effect of microstructure

Lopez et al. [2007] studied the sliding wear behavior of liquid phase sintering (LPS)-SiC
ceramics with different microstructures like elongated SiC grains (in situ toughened LPS SiC), coarse
equiaxed SiC grains, and fine equiaxed SiC grains. Sliding wear resistance of elongated grain SiC
ceramics was better than that of equiaxed SiC ceramics owing to a hard interlocking network of in situ
toughened LPS SiC grains (see Figure 2.1). The isolated nature of the yttrium aluminum garnet (YAG)
second phase also played a role in enhancing wear resistance of in situ toughened LPS-SiC. This was in
contrast to the equiaxed SiC ceramics, where the grains were embedded within a continuous YAG

phase matrix.
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SiC sintered for 1 hr and worn

Figure 2.1. Typical SEM images of SiC ceramics (a, b) unworn and (c, d) after sliding against SisN4
ball. Note the presence of elongated grains in (b) and equiaxed grains in (a), and comparatively less

wear in (d) than in (c). Other conditions of sintering and sliding wear can be found in [Lopez 2007].

In sliding of SiC ceramics prepared with YAG (Y203:Al203 = 3:5), Lopez et al [2005a] suggested
reduced content of the intergranular phase or grain size for improvement in wear resistance of LPS a-
SiC ceramics. Reduced content of intergranular phase and the grain refinement resulted in reduction of
rate of transition from deformation-controlled wear to fracture-controlled wear and hence in wear loss.
A simple model by Lawn et al. [1994] provided a framework for estimating the sliding wear properties
in polycrystalline ceramics. The proposed model states that the plastic-deformation damage
accumulates within the grains during deformation-controlled wear. This damage is in the form of
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dislocation pile-ups, confirmed using transmission electron microscopy [Cho 1989; Cho 1995; Sanchez
1998].

Clean GB

Amorph_oﬁs GB .

] 2 Tm

Fi
gure 2.2. TEM images of SiC ceramics revealing (a) amorphous grain boundary in SiC ceramics
prepared with 3 wt% (AIN-Y203) additive (b) clean grain boundary in SiC ceramics prepared with 3
wit% (AIN-Sc203). Worn surfaces of (a) and (b) are respectively shown in (c) and (d) [Kumar 2011].

It was earlier concluded that SiC ceramics sintered using 3 wt% AIN-Y203 additives revealed
mostly large equiaxed grains with amorphous grain boundary phase, while SiC ceramics prepared
using 3 wit% AIN-Sc.03 (SCSc3) additives exhibited duplex microstructure of elongated and fine
equiaxed grains with clean grain boundary phase (see Figures 2.2 a and b). SiC ceramics prepared
using 3 wt% AIN-Sc203 additives resulted ~ 18% less wear at 13 N load. Worn surfaces SiC ceramics
sintered with 3 wt% (AIN-Y203) and 3 wt% (AIN-Sc,03) are shown in Figures 2.2(c), and (d),

respectively [Kumar 2011].
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Murthy et al. [2004] observed that SiC ceramics doped with different p-type (Al, Mg) or n-type (P)
doping elements had influence on the wear behavior in two ways: (i) by directly affecting
thermodynamics of tribochemical reactions or (ii) by modified frequency of grain boundaries having
same orientation angle and change in the kinetics of tribochemical reactions. It was found that doping
elements partly made a sloid solution with SiC and rest were segregated along grain boundaries.
Segregated Al reduced solubility of silica largely in water, whereas P and Mg reduced solubility to a
lesser extent [lier 1979]. Kinetics of formation of hydrated silica varied with solubility and hence led to

change in frictional characteristics of SiC ceramics.

For improvements in the sliding-wear resistance of pressureless liquid phase sintering (PLPS)-
SiC under diesel ‘lubrication, Ciudad et al. [2013] suggested (i) reduction in intergranular phase
(second phase) content, and (ii) decrease in grain size or increase in grain aspect ratio. They
reported that SiC ceramics with similar grain size (of 1.1 pm) but having large amount of second phase
exhibited high wear. Second phase led to decrease in hardness and increase in wear. Ortiz et al. [2012]
proposed a colloidal processing route to produce dense SiC ceramics via pressureless liquid-phase
sintering. In addition to uniform mixing, the colloidal processing route resulted in a nano film of ~5
nm thickness on the surface of SiC particles. Compared to conventional mixing and sintering, complete
densification achieved in shorter sintering time and minimum defects found in ceramics sintered using
colloidal processed powders. The time required for the transition from mild to severe wear was more
than double for SiC ceramics prepared by colloidal processing as compared to that for the SiC ceramics
prepared by conventional processing. It was advocated that, though the microstructures were similar in
terms of the size and morphology of grains for ceramics prepared through both processing routes, the
clear interface with fully dense structure led to a superior wear resistance (See Figure 2.3).

Zhou et al. [2003] reported that silicon carbide-graphite (SiC-C) composites exhibited lower
coefficients of friction during sliding than the monolithic SiC. The flake like graphite particles present
in SiC-C composites (see Figure 2.4) were expected to provide solid lubrication with easy shear during
sliding. However, in the high contact stress condition (pin-on-disk tests), wear rates enhanced sharply
from 0.38 to 3.90 X 10 mm®/N.m for SiC-C composites which was attributed to the fracture of
graphite flakes despite lowered coefficients of friction when compared to low contact stress condition
(block-on-ring test) (See Table 2.1).
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Figure 2.3. SEM images of the plasma-etched cross-sections of the (a) colloidal pressureless liquid-
phase sintering SiC ceramic and (b) conventional pressureless liquid-phase sintering SiC ceramic. TEM
image of the SiC powder particles, showing the presence of a nano-film on the surface of the SiC
particles after the colloidal processing (c), and wear scar diameter representing wear of SiC ceramics
(d) [Ortiz 2012].

Figure 2.4. Fracture surfaces of (a) SiC and (b) SiC- 20 vol% graphite (SiC-C) composite. The

graphite particles in SiC—C composite remain flake like, as indicated by the arrows [Zhou 2003].
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Table 2.1. Friction and wear data for SiC-C ceramics for different tribo-configurations [Zhou 2003].

Specimen Average coefficient of Wear rate (X 10°® mm?3/N.m)
friction
Block-on- Pin-on-disk | Block specimen in | Pin specimen in
ring block-on-ring test | pin-on-disk test
SiC 0.64 0.28 4.60 0.38
SiC- 10 vol. %C 0.55 0.15 3.20 2.90
SiC- 20 vol. %C 0.49 0.14 6.20 2.30

2.1.2. Effect of mechanical properties

Mechanical properties such as fracture toughness, hardness, and elastic modulus have influence on
sliding wear characteristics of SiC ceramics. Hardness and fracture toughness of SiC ceramics are
reported to generally range from 16 GPa to 27 GPa, and 2.3 MPa.m” to 8.3 MPa.m", respectively
based on types of sintering/additives, microstructure etc [Lopez 2005, 2007; Guo 2010; Yeom 2015;
Llorente 2016; Yang 2016]. Particularly, the influence of hardness and fracture toughness on friction

and wear behavior was debated in most of the reports.

A sharp indenter model and a blunt indenter model were proposed to estimate the sliding wear in the
tribocontact of brittle materials in absence of any layer formation. According to Marshall et al. [1982]
for the tribocontact of sharp indenters, wear in brittle materials occurs due to the formation and
propagation of lateral cracks (see Figure 2.5). For a given applied load (P), total sliding distance (S),
hardness (H), fracture toughness (Kic) and elastic modulus (E), wear volume of the brittle solid (Vs) can
be assessed using the following equation [Marshall 1982]:

P9/8 E 4/5
VS:aW(ﬁj S 2.1)
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where a is a material constant. In case of blunt indenter pressed against a brittle solid, surface ring
cracks are generated, which propagate towards downwards with repeated sliding contact and develop
conical cracks to cause pull-out of material [Lawn 1994].”® Following Hertzian analysis, when there
was no tribochemical layer formation, Tewari et al. proposed following relation for estimating wear

volume (Vg) for brittle materials in ball-on-disk fretting wear contacts [Tewari 2009].

e J((ﬂm .................. .
3 | 4E 34°K2R

where R is radius of the ball, y and $ are constants, and s is the stroke length in fretting contact.

Lateral Crack

Median Crack

Figure 2.5. Wear mechanism of brittle material dominated by lateral and median crack [Marshall
1982].
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SiC ceramics sintered with small amount (0.2 wt%) of YOz additives attributed to high strength
(561 MPa) and high hardness (27.7 GPa) than the SiC ceramics sintered with large amount (3wt%) of
Y203 additives (542 MPa and 26.1 GPa), and exhibited superior wear resistance [Gupta 2015]. Li et al.
[1998] found that toughened SiC prepared by hot pressing showed high hardness and fracture
toughness compared to the SiC ceramics prepared through pressureless sintering or reaction sintering.
The same trend reflected for resistance against friction and wear in water-lubrication conditions against
SiC counterbody. Lopez et al. [2005] reported that elongated-grain LPS SiC, despite having lower
hardness, showed almost a half of the wear rate than that obtained for equiaxed-grain LPS SiC, and
reflected less extent of dislocation plasticity. They also differentiated the extent of wear as mild wear
dominated by hardness and severe wear dominated by fracture toughness of LPS SiC ceramics.
Kovalcikova et al. [2014] used brittleness index (H/Kyc) for qualitative estimation of specific wear rate
of SiC against SizN4. Their results showed that resistance to wear increases with increased index

number.

Llorente et al. [2016] studied tribological nature of SiC composites prepared with different types and
amounts of graphene-based sources. They demonstrated the importance of graphene fillers in resisting
wear during sliding. According to them, the choice of the most suitable amount and type of graphene in
SiC composites for tribological and mechanical applications is dependent on their specific working
requirements. SiC composites with 20 vol% graphene nanoplatelets (GNPs) clearly exhibited 72%
higher wear resistance compare to the monolithic SiC (see Figure 2.6). It was demonstrated that an
optimum combination of mechanical properties is required to provide the best wear resistance for SiC

ceramics.

Amirthan et al [2011] studied the reciprocated sliding friction and wear characteristics of cotton
fabric/teak wood/jute fiber based Si/SiC. Among the investigated composites, fine teak wood and
cotton based samples exhibited less COF of 0.25 and 0.23 and less wear rate of 3.0 x 10 and 1.24 x
10 mm3/N.m, respectively in dry sliding condition. This was attributed to the carbon film formation
that acted as lubricating media on the wear track. Alumina particles, generated as debris from alumina
counterbody balls acted as third body for harder surfaces. Third body abrasion of the surfaces led to
high wear of harder chemical vapor infiltration treated cotton based sample. On the other hand, porous

nature of the coarse wood particle and jute fiber based sample surfaces exhibited high wear.
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Figure 2.6. The wear rate and fracture toughness of SiC- graphene nanoplatelets composites as

function of content of graphene nanoplatelets [Llorente 2016].

Candelario et al. [2014] introduced graphite nanodispersoids into the microstructure of a fine-grained
LPS SiC ceramics fabricated by spark plasma sintering and studied sliding wear characteristics in
regular diesel fuel (viscosity of ~3.8 cSt) lubricating conditions. Addition of graphite nanodispersoids
was detrimental to mild wear and transition from mild to severe wear occurred in shorter time due to
softer graphite particles. On other side, the addition of graphite nanodispersoids led to increased
fracture toughness and provided external lubrication after grain pull-out. This was resulted in
effectively decreasing wear damage for a prolonged sliding. Important findings from sliding wear

studies of SiC based ceramics are listed in Table 2.2.
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Table 2.2. Summary of major findings from sliding wear studies of SiC based ceramics.

Materials Sliding test parameters
(SIC based Speed Load |Environment
ceramics/ or Major findings References
Counter Lubrication
body)
SiC pin/SiC 2 mm/s 5,30, | 50£2% RH | A hydrated silicium oxide film |[Takadoum
disk 50,100| and 19+2°C| forms and functions as a [1994]
N, lubricating film to reduce friction
and wear.
SiC ball/SiC 10mm/s | 250 mN vacuum | In vacuum, the transition from [Zum-Gahr
disk severe to mild wear was connected 2001]
1mls AN Air with  smoothening of surface
roughness.
SisNg ~0.04m/s| 240N Diesel Resistance to sliding decreases [[Ciudad
ball/LPS- to ~0.01 to 100 (viscosity | with increasing contact load and 2013]
SiC disks m/s N ~3.8 cst) | sliding speed.
SizNg4 ~0.04 m/s 70N Paraffin oil | The  superior  sliding =~ wear [Lopez
ball/LPS-a- (viscosity | resistance of low-cost in situ 2005]
SiC disk ~34 cst) | toughened SiC ceramic was most
likely due to the formation of
interlocking networks of elongated
SiC grains.
SiC 0.21m/s | 1N,6N| 20-580°C | SiC ceramics sintered with 3 wt% [Kumar
ball/SiC-3 or 13 N| and 50 -10%| AIN-Sc.O3 additives exhibited less [2011]
wt% (AIN- RH wear.
Sc.03 or Surface grooving and
AIN- Y703 microcracking occurred at low load
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) disk

(1 N). Tribochemical wear was
dominant at 6 and 13 N loads for

all the ceramics.

a-SiC  ball/ 36 mm/s 1N, 30% - 60% | At higher humidity (60% RH), the [[Murthy
Al, Mg or P- RH friction coefficient value (0.25) is 2004
doped SiC almost independent of doping

elements.

At lower humidity (30% RH), the

effect of doping elements (Al, Mg

and P) is more pronounced.

As the humidity increases from

30% to 60%, the nature of damage

changes from mechanical to

tribochemical.
SiC-MoSi2 0.5,1.0and| 15,30 20-25 °C | Mild to severe wear transition with [[Micele
/Alumina 2.0 m/s and 50 and 35— | speed (high wear at high speed of 2 2010]
cylinder N 55% RH | m/s)
SiC¢-SIC ~100 to 11N Dry SiC¢/SiC composite with carbon [[Udayakum
pin/hardene ~850 rpm Atmosphere| interface shows high hardness and |-ar 2011]

d

steel disc

least wear rate.
SiC¢/SiC

interface,

with BN

subjected to an

composite

intermediate heat treatment showed
lower hardness and higher wear

rate
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SiC or Stroke 100-| 1-10N| 1to100% | Tribo-oxidation was determined as [[Wasche
Al203 balls/ 1600um, RH the main wear mechanism. 2004]
Pressure frequency
less sintered | 2.5-20 Hz
SiC disk
SiC Stroke 60 N Isooctane | The self-mated ceramics showed Dulias
cylinder/SiC 8mm, and distilled| greater ~ values  of  friction 2005]
plate frequency water coefficient in isooctane than in

10 Hz distilled water

2.1.3. Mechanisms of material removal in sliding wear

In this section, studies related to material removal mechanisms during sliding wear are discussed in
terms of material characteristics. Different results for frictional behavior between varieties of pairs of
SiC ceramics during wear indicate complexity in frictional mechanism. Kato [1990] divided wear
mechanisms of SiC ceramics in sliding wear conditions into two modes: (a) mechanical wear, where
various types of cracks like lateral, median and radial cracks are generated by friction around the
Hertzian contact zone (see Figure 2.7), and (b) tribochemical wear, where silicon oxide was found on
the surface in unlubricated sliding wear [Hotta 1988; Chen 2007]. Wang et al. [1996] found that
tribological contact stresses predominantly affect mechanisms of material removal. They found that
SiC ceramics removed via plastic deformation induced microfracture for less stress on contact surface.
As the contact stress increased to a critical level, varieties of cracks like partial cone cracks,
lateral/shallow cracks, and radial cracks etc. are generated. Further increase in contact stress propagates
cracks to intersect each other and detach chunks of material. The detached material crushed into fine
particles by further tribological contact and evolved as wear debris. The dominant damage patterns
with contact stress severity for indentation, scratch, and sliding wear tests are synchronized in Table
2.3.
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Median

Figure 2.7. VVarious types of cracks induced by friction in unlubricated sliding wear conditions [Hotta
1988] (where W is load and F is frictional force).

Table 2.3. Stress severity against damage patterns for SiC ceramics in different contact [Wang 1996].

Dominant damage patterns in sliding of SiC ceramics

Contact Stress Indentation Scratch Sliding wear
Small (below the | No damage (Elastic No damage (Elastic No damage (Elastic

elasticity limit) Deformation) Deformation) Deformation)
Moderate (below | Plastic deformation Plastic deformation Plastic  deformation
the plastic limit) controlled wear
Large (near the | Cone/Ring cracks Partial Cone/Ring Microcrack
critical failure cracks controlled wear or
stress) grain pull-out
Very large | Radial crack Microfracture caused Microfractured-
(exceeds the by the intersection of controlled wear
critical stress) Lateral crack radial, lateral and

partial cone cracks
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Lopez et al. [2005] reported that for equiaxed-grained SiC ceramics, sliding wear initiated with
plastic deformation as mild wear and led to sever wear, with fracture and pull-out of material [Hsu
2004; Cho 1989; Li 1998; Liu 1993; Cho 1992]. For coarser microstructures, transition in wear
mechanism occurred sooner and exhibited poor wear resistance [Wang 1996; Cho 1996; Lopez 2005;
Cho 1989; Cho 1995; Cho 1992; Dong 1993; Rainforth 2004; Wang 2005]. However, these
mechanisms were not observed for highly heterogeneous ceramics such as elongated-grain LPS-SiC
[Lopez 2005]. For elongated grain LPS SiC ceramics, despite the grain-boundary fracture, interlocking
network was responsible for the surface integrity of worn surface which delayed transition in wear

mechanism (see Figure 2.8).

Figure 2.8. Worn surface of (a) equiaxed-grain LPS SiC and (b) elongated-grain LPS SiC [Lopez
2005].

Kovalcikova et al. [2014] studied wear mechanisms for SiC ceramics slid against different
counterparts SisN4, Al203, WC-Co and ZrO, materials. They found microfracture and removal of
oxides against any counterpart. But the extent of material removal was different. The steady state
coefficient of friction and specific wear rate were affected with different tribological partners. The
SiC/SisN4 couple exhibited the highest friction probably due to chemical similarity of counterparts (see
Figure 2.9).
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Figure 2.9. The surface of SiC worn against (A) ZrO; ball; (B) WC-Co hall; (C) Al.Os ball; and (D)
Si3N4 ball [Kovalcikova 2014].

Andersson et al. [1994] reported two types of oxidation in sliding at elevated contact temperatures:
passive oxidation and active oxidation. At elevated temperature (usually above 575 °C), SiC oxidizes to
SiO; according to the following reactions [Frisch 1988; Singhal 1976]:

2SiC+302 — 2Si02 +2CO (passive oxidation) ........... (2.3)

SIC+202 — SiO2 + COz (passive oxidation)  ............ (2.4)
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Above reactions occur at an appropriate pressure in oxygen environment. If temperature is above 1000
°C, and partial pressures of oxygen, the following reactions might occur on SiC ceramic surface
[Singhal 1976]:

SiC + 2SiO2 — 3SiO + CO (active oxidation) — ............. (2.5)

SiC + 02 — SiO + CO (active oxidation)  ............... (2.6)

The SiO powder formed was brownish to yellowish in color and often formed with 3-SiC powders in
an argon thermal plasma jet [Kong 1987]. Under passive oxidation layer, loose wear debris consisting
of SiO, formed a protective and less shear strength tribofilms which further favored to reduce wear
rates. Against passive oxidation layer, wear rates varied from 10 to 10> mm®/N.m and the coefficients
of friction was approximately 0.5. As SiO did not form tribofilms and favored to active oxidation to
some extent, wear rates increased to 10 -10* mm?®N.m and the coefficients of friction to 0.8. It was
found that the additive composition had minimal effect on frictional behavior of SiC ceramics in dry
sliding conditions when compared to sliding load.? Wear mechanisms changed from surface grooving
and micro-cracking at lower load (1 N) to dominant tribochemical wear at higher (6 or 13 N) load for
all the ceramics. In other study [Gupta 2015], sliding wear behavior of SiC ceramics sintered with (0.2
wt.% or 3 wt.%) Y20z additive, microcracks induced fracture and pull-out were found responsible for

the material removal.

In self-mated sliding of SiC ceramics, Zum-Gahr et al. [2001] reported that running-in period was
much longer in vacuum than in humid air and would favor tribochemical smoothening of surface
roughness. At a tribocontact of relatively smooth surface, formation of thin water film led to increased
friction owing to menisci formed at asperities. On the other hand, thick water films separated the mated
bodies and resulted for reduced friction due to low viscosity of H,O and assumed a proper wettability

of tribosurfaces with water film, i.e. hydrophilic surfaces.

24



Available data on the effect of humidity on coefficient of friction and wear rate of self-mated SiC
ceramics is compiled and presented as Figure 2.10 [Murthy 2004; Li 1998; Wasche 2004; Hotta 1988].
Murthy et al. [2004] found that in sliding at less humid conditions (30%), major wear mechanism was
fracture of tribosurface followed by attrition, while tribochemical reaction (oxidation or hydrolysis)
was a leading wear mechanism in high humid condition (60%). Owing to the availability of more water
molecules, oxidation (SiC + 2H20 — SiO2 + CH.) and hydrolysis (SiO2 + HO — Si(OH)a) reactions
were accelerated at higher humidity. The faster kinetics of tribochemical reactions resulted in decreased

wear with a narrow difference in friction.
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Figure 2.10. Average steady state coefficient of friction and wear rate of SiC ceramic with respect to
humidity against SiC counterbody [Murthy 2004; Li 1998; Wasche 2004; Hotta 1988].
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Li et al. [1998] observed difference in wear mechanism during sliding in water lubrication conditions
for SiC ceramics prepared through different processing routes. The wear occurred by pull-out of grains,
which was mainly controlled by free Si along grain boundary for the reaction sintered SiC.
Tribochemical oxidation in water and local grain fracture occurred due to its low toughness for the
pressureless sintered SiC. Excellent wer resistance and less friction were attributed for the
hydrodynamic lubrication for the toughened SiC. It was believed that tribochemical oxidation took

place and an ultraflat surface consisting of SiO2 and (SiO2.nH20) formed on the worn track.

Candelaria et al. [2014] found less wear of SiC with graphite nanodispersoids compared to SiC
ceramics, due to the combination of (i) higher toughness, which hinders the crack propagation and
coalescence responsible for the grain pull-out, (ii) lower hardness of the wear debris due to its lower
SiC concentration, and (iii) external lubrication imposed by pull-out of graphite nanoparticles, which
reduced abrasion by third bodies. Zhu et al. [1999] studied polishing of SiC ceramics in oxidant
solution of 3 wt% CrOs. The removal of material by a chemical dissolution, stimulated by friction was

referred as tribochemical.

Tribofilm

Surface fracture

Microfracture Microcracks \‘

(a) Mild Wear (b) Severe Wear

Figure 2.11. Schematic illustrations of worn surface characteristics of SiC ceramics after sliding in

diesel in (a) mild wear and (b) severe wear regimes [Sanchez 1998].

Ciudad et al. [2013] studied wear mechanisms in diesel for pressureless liquid phase sintered-SiC

ceramics. They found a two-step wear process, initially controlled by plastic deformation
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(corresponding to mild wear regime) followed by fracture of materials (corresponding to severe wear
regime). Major characteristics of surfaces in mild wear and severe wear regimes are schematically
illustrated in Figure 2.11. Erickson et al. [1993] observed chemical wear on mated surface as major
deterioration mechanism in oil/water lubricated sliding conditions along with several mechanisms like
plastic deformation, subsurface microcrack formation, microfracture and microabrasion of the surface
of worn SiC. The absence of tribofilm on the contact surface indicates that wear debris transported out
of the system or directly dissolved by the oil/water lubricant as water is able to dissolve SiO; easily
[Tomizawa 1987; Lancaster 1990; Sasaki 1988].

Zhou et al. [2003] reported that the tribochemical reaction led to material removal for monolithic SiC
and SiC-C (graphite) composite. For SiC, they found rough worn surfaces resulted in fracture and three
body abrasion, whereas graphite particles exerted a lubricating effect and resulted lower coefficients of
friction for the SiC-C composites. Micele et al. [2010] studied the tribological characteristics of SiC-
MoSi> composites against alumina in dry sliding conditions. The material loss was caused by
ploughing effects, while no significant effect of brittle fracture observed on the worn surface of the
ceramic composite. Wasche and Klaffke [1999] studied wear mechanisms for SiC—TiC-TiB; in water
when slid against SiC or Al,Ozs. In case of SiC/SiC and Al,O3/SiC, no films were formed. An oxide
film was formed during wear of SIC-TiC and SiC-TiC-TiB. materials. Reduction in wear of materials
was affected by formation of titanium oxide at the tribocontact. In case of Al,O3 ball and composite
disk system, the tribooxidatively formed layer was partly adhered on to the ball. The wear of SiC-TiC
or SIC-TiC- TiB; disk against SiC or Al>O3 ball was reduced by a factor of 10 compared to monolithic
SiC disk system.

2.2. Erosion wear of SiC ceramics
Erosion can be defined as removal of material from a surface due to interaction between the surface
and a fluid, or impinging liquid or solid particles [Kumar 2006; Rattan 2007; Wang 1995;
Medvedovski 2010; Evans 1977]. Considerable research has been carried out in understanding solid
particle erosion wear behavior of SiC ceramics and their composites [Wang 1995; Routbort 1980a,b,
1983b; Kim 1998; Medvedovski 2010; Evans 1977; Nava 2002; Wiederhorn 1983; Jianxin 2007].
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2.2.1. Effect of microstructure and mechanical properties

Solid particle erosion of SiC ceramics and their composites is reported to occur generally by brittle
fracture as a result of lateral and radial cracking [Routbort 1980a,b; Kim 1998; Evans 1977; Nava 2002;
Wiederhorn 1983; Jianxin 2007]. Bell and Rogers [1987] noted fracture toughness as predominant
factor in estimating erosion wear characteristics of brittle materials at normal impact of erodent [Wang
1995; Gautier 1993], whereas hardness was found important at low impingement angles. Shetty et al.
[1982] also reported hardness as predominant property of reaction-bonded SiC ceramics to estimate
erosion behavior of ceramics. Routbort and Matzke [1983b] studied the erosion for SiC ceramics
prepared through hot-pressing and reaction-bonded sintering techniques. The Vickers hardness (H) and
fracture toughness (Kic) of these ceramics were used to estimate the erosion rate (AW) of ceramics

using following realtion:
AW =CHKi® e (2.7)

where, C is proportionality constant and the exponents a and b valued according to details of the used
erosion model [Routbort 1983b] (see Table 2.4).

Table 2.4. Values of (H* Ki") calculated for the various steady-state erosion models and
experimentally measured erosion rates for SiC ceramics [Routbort 1983b]. Hot pressed-SiC and
reaction bonded-SiC respectively indicate hot pressed SiC and reaction bonded SiC, while H and K¢

indicate hardness and fracture toughness, respectively.

Materials HO11 K13 | HO025 K13 | HO48 K19 Measured
erosion rate
(X 10+ g/g)
HP-SiC 0.54 0.01 11.10 2.00
RB-SiC 1.34 0.03 40.00 12.00
RB-SiC + 0.2 vol% Si 0.73 0.02 16.20 10.00
RB-SiC + 0.13 vol% Si 0.80 0.02 18.00 450
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However, the wear rates estimated using existing wear models were not in agreement with the
experimentally measured wear rates. This can be primarily attributed to the fact that these models
neglected important contributions from microstructure of the target material in estimating erosion loss
[Wang 1995; Routbort 1980a,b, 1983a,b; Wiederhorn 1983]. Wang et al. [1995] studied the effect of
microstructure on erosive wear of SiC ceramics, prepared by pressureless sintering, hot pressing and
hot isostatic pressing techniques. Microcracking with some extent of plastic deformation was observed
as main material removal mechanism at higher impact angles [Wang 1990; Finnie 1967]. Grain
refinement and reduction in the amount and size of pores of hot isostatically pressed SiC resulted in
superior wear resistance. Wang and Levy [1990] studied the erosion behavior of SiC fiber reinforced
SiC composite at 25°C and 850°C and found an inverse relation of density and hardness to the erosion
rate of the composite. The erosion rate reduced by one order of magnitude at 850°C (0.10 mg/qQ)
compared to that at 25°C (2.20 mg/g). At 850°C, the difference between erosion rates at 90° and 30°
(0.02 mg/g) was much less than that found at 25°C (1 mg/g), which attributed to increased ductility of
composite at 850°C (see Table 2.5).

Table 2.5. Erosion rate of SiCsSiC composite as function of impingement angle and temperature
[Wang 1990].

Erosion Temperature Erosion rate at 30° Erosion rate at 90°
(°C) impact angle (mg/g) impact angle (mg/qg)

25 1.20 2.20

850 0.08 0.10

Similarly in a recent study [Li 2014], solid particle erosion rate of SiC-SisN4 composite at elevated
temperature increased first up to 800°C, and then decreased with increase in temperature to 1400°C (See
Figure 2.12). At lower temperature (up to 800°C), wear occurred by brittle fracture where stripping of
aggregates of composite resulted in loss of protection from the matrix. On the other hand [Wang 1990],
plastic deformation and oxidation protection dominated at higher temperature (beyond 800°C). The
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highest erosion rate at 800°C for SiC-SisN4 is contradictory to the lowest erosion at 850°C for SiC

ceramics.
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Figure 2.12. Change in the volume erosion rates with respect to the erosion temperature at different

impingement angles for SiC—SisN4 composite [Li 2014].

Amirthan et al. [2010] found cleavage like brittle fracture on biomorphic Si/SiC composite surface
exposed to erosion. Fine teak wood particle based Si/SiC composite showed least erosion compared to
other Si/SiC composite. Further, coarse teak wood particle based Si/SiC composite with large pores
caused the highest erosion rate. A. Lopez et al. [2004] studied the erosion behavior of biomorphic
(eucalyptus and pine reinforced) SiC, reaction-bonded SiC, and hot-pressed SiC and found that erosion
resistance was highest for biomorphic based SiC ceramics. Owing to the highest hardness, hot-pressed

SiC exhibited least erosion rate.
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2.2.2. Mechanisms of material removal in erosion wear

The dominant mechanisms of material removal in solid particle erosion wear conditions of brittle

ceramics are elastic-plastic deformation based micro-fracture, and crack formation below the plastic
zone of subsurface [Kim 1998; Routbort 1980a,b; Evans 1977; Nava 2002]. Major findings from

studies on erosion wear mechanisms for SiC ceramics are listed in Table 2.6.

Table 2.6. Summary of major findings from studies on erosion wear mechanisms for SiC based

ceramics.
Materials Erosion test parameters
(SiC based Particle References
- |mpact MajOr findings
ceramics/ | yelocity& Environment
angle
The steady state erosion rate was
Reaction Velocity I:]pallct lower for smallest erodent
ngle J
Bonded SiC/ | varied from ¥ g : Normal | particle. [Routbort
arie
Angular 53.8 m/s to p—e, o atmosphere | \yith leading brittle fracture, 1980b]
Al20s 150.7 m/s t0 90° some plasticity also observed in
the SEM micrographs.
Biomorphic Both lateral and radial cracks
Sic, _ formed for biomorphic SiC
Reacti Particle 1 |
eaction- oo v ceramics, whereas reaction-
: velocity = acuum
bonded SIC, y Normal bonded SiC eroded by formation [[Finnie
q 100 m/s, (approx. 500 _
an Impact and propagation of only lateral ~ [1967]
feed rate of mTorr), .
- cracks.
hot-pressed 8 gm/min
SIC/ Angular Hardest hot-pressed SiC ceramic
SiC found as the most erosion
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resistant.

Reduced amount and size of

pores, and reduced grain size led

Velocity 35, mpingem to improved wear resistance.
a-SiC target | ©65a1d 90 | entangles : :
| g/S o g 945 Ambioht Microcracking and some extent [Wang
specimens ' of 15, 45, | i
p _ Temperature of plastic deformation was found 1995)
IC feed rate of | 60 and as dominant material removal
10 g/min, 90°, mechanism is mainly with some
extent of plastic behaviour of
materials.
The erosion rate was lower for
monolithic SiC with higher
Hot-pregsed Meldpity hardness value than SiC-TiB;
monolithicly | 40-10Qmfs, gimffact Room composite of higher fracture
SiCand SiC— | feed rate: angles: Kim 1998
_ : temperature | foughness. [ ]
TiBo/ 0+0.5 30-90°
Angular SiC gm/min, Erosion of these materials was
controlled significantly by the
plastic deformation.
Particle ] Higher hardness of SiCs -SiC
: Impinge p '
velocity: _ composite with carbon interface
_ ) angle: Ambient ) )
SiCs-SIiC/ 32 m/s and led to least erosion. Composite [Udayaku-
. 15°,30°, | Temperatur| |
Silicasand | 44 m/s,feed e with boron nitride interface mar 2011]
01 01 e
rate: 90° showed lower hardness and
1 kg/min, higher erosion loss.
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A detailed investigation of impact sites of worn surface in brittle materials exhibits an intense plastic
deformation beneath the immediate area of the contact [Hockey 1975, 1978; Wiederhorn 1983; Lawn
1980]. The elastic-plastic zone at the impact site is the major driving force for the surface fracture that
led to material loss on erosion [Evans 1978, 1979; Marshall 1982]. The residual stresses generated
under plastic zone on impact of erodent to the brittle materials originate small lateral cracks to grow
beneath the impact sites. Initially, these cracks propagate parallel to the impacted zone of target surface
and further interact to the surface resulting in material loss. Wang and Mao [1993] observed that size
and type of cracks generated on the eroded surface are dependent on several factors like erodent shape
and size, mass flow rate, velocity and angle of impingement of erodent, temperature and hardness,
toughness and microstructure of target material [Wiederhorn 1983; Routbort 1983b; Wang 1995;
Sharma 2014]. Two types of crack systems are generally found in erosion at low velocities; (a) cone
cracks generated due to impact of blunt (rounded) erodent [Wiederhorn 1983; Chaudhri 1978; Knight
1977] and (b) lateral and median cracks generated due to impact of sharp (angular) erodent angular
[[Wiederhorn 1983; Hockey 1978; Lawn 1978; Chaudhri 1980]. In case of high velocity erosion,
material is removed by plowing, severe cracking and chipping [Evans 1977, 1978, 1979; Wiederhorn
1983; Chaudhri 1978]. In other study [Routbort 1980], precise mechanisms for the erosion of reaction
bonded-SiC were not found clear, but reduced erosion wear rate of mixed phase SiC-Si region was
related to either by arresting cracks around the small SiC grains or by increased apparent volume

fraction of uncovered erosion resistant fine SiC grains.

Suh et al. [2011] studied the effect of SiC fiber reinforcement on erosion wear of SiC ceramics.
During erosion of the composite, SiC fibers were detached from the interface and matrix of SiC and
subsequently eroded out. Pores present in matrix with aperture around the fibers led to easy removal of
material from the impact sites. The erosion wear was also attributed to issues regarding durability and
reliability that depend on geometric discordance, irregular performance, and related energy dissipation.
Gochnour et al. [1990] studied erosion behavior of SiC-Al,OC composites against alumina erodent.
They found surface appeared smooth and polished, with grain pull-out regions in erosion of SiC-5wt %
A1,0C composites. Softer Al.OC phases resulted in grain pull-out regions and smooth zones were
corresponded to wear of harder SiC phase. However, severe grain pull-out occurred in erosion of SiC-

50 wt % A1,0C composite and resulted in isolated smooth regions only (see Figure 2.13). The steady-
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state erosion rate (AE) for brittle materials was proportional to erodent radius (R) and found to be

related as [Wada 1987; Wiederhorn 1983].

This was predicted by both the dynamic [Wiederhorn 1983] and the quasi-static [Wada 1987]
theories of erosion for brittle materials. However, Kim and Park [1997] found that erosion rates of SiC
and SiC-TiB2 were not increased monotonically with the increased erodent size, in contrast to the
prediction by theories. The eroded surface of SiC exhibited deformed lips and cracks, whereas

intergranular fracture and deformed lips were observed for SiC-TiB2 composites.

Figure 2.13. Eroded surfaces of (a) SiC-5 wt % A1,0C, and (b) SiC-50 wt % A1,OC composite
[Gochnour 1990].

Limited reports are available on erosion behavior of SiC ceramics and composites as function of
temperature. Wang and Levy [1990] reported that erosion for SiC fiber reinforced SiC composite at
25°C occurred by cracking and chipping of the matrix as well as the fibers, while erosion rates
considerably decreased at 850°C owing to the increased ductility. Li et al. [2014] studied the erosion
mechanism for SiC-SisNs composites at different temperatures (25°C-1400°C). At low temperature,
material removed occurred mainly by brittle fracture and stripping of aggregates as the protection from

the matrix was lost. At higher temperature, erosion mechanisms were primarily ascribed to plastic
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deformation as well as oxidation protection. Oxidation of SisN4 and SiC on the material surface at
1400°C generated a thin dense layer of SiO» glassy film, which further reduced direct contact of

erodent with the material surface at a certain extent and resulted in less loss of the material (see Figure

2.14). The dominant mechanisms of material removal are further illustrated schematically in Figure
2.15.

Fig. 2.14. The brittle fracture erosion morphologies of SiC-SisN4 composite eroded at (a) 25 °C, (b)
800 °C and (c) 1000 °C [Li 2014].
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Aggregate Brittle fracture Protective glassy film
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Fig. 2.15. Schematic representation of erosion mechanisms for SiC-SisN4 composites at different

temperatures.

2.3. Summary of literature reviewed

Considering the wide range of tribological applications, wear behavior of SiC and SiC based
composites is extensively studied. In the present review, tribological characteristics of SiC ceramics

and composites in sliding and solid particle erosion conditions are comprehensively discussed.

It is found during sliding that wear and friction characteristics of SiC ceramics vary with
microstructural alteration. Hard interlocking network of elongated grains or high aspect ratio grains led
to enhanced wear resistance. Second phases and intergranular phases also play a dominant role on wear
and friction behavior. SiC ceramics with reduced weak second phase content and grain refinement
exhibited improved wear resistance. Further, SiC ceramics with clear grain boundaries showed
improved wear resistance compared to amorphous grain boundaries. The transition from mild to severe
wear occurs for SiC ceramics with coarse grain structure than with fine grain structure. Doping
elements affect kinetics of tribochemical reaction and lead to different characteristics of friction and
wear. In understanding the influence of mechanical properties on wear of SiC ceramics, research is
mainly debated on the dominant effect of fracture toughness and hardness. It is widely accepted that
crack deflection or crack bridging by reinforced phase led to less extent of material removal during
sliding wear of SiC composites. Furthermore, the ratio of hardness and fracture toughness (H/Kzic),
known as brittleness index is found to give qualitative estimation of wear for SiC ceramics. Superior
resistance to wear was found for ceramics with high brittleness index. Reinforced phases like graphene
nanodispersoids led to an increase in fracture toughness and reduced hardness, the combination of

which reduced the mild to severe wear transition.
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Sliding wear mechanisms of SiC ceramics and composites can be categorized into two groups:
mechanical and tribochemical. In mechanical wear, cracks and abrasion dominate the worn surfaces of
SiC ceramics, whereas oxides were found on the tribosurface in tribochemical wear. With regards to
contact stress conditions, wear occurred trough plastic deformation induced microfracture in low
contact stress, whereas cracks induced fracture led to material removal in high contact stress. High
friction is found against the counterbody having chemical similarity with SiC ceramics, whereas
composition of sintering additives had minimal effect on frictional behavior of SiC ceramics. At
elevated sliding temperature, two types of oxidation: passive oxidation with reduced wear and active
oxidation with increased wear are reported for SiC ceramics. Running-in period is reported to be higher
in vacuum than in humid air for SiC ceramics. Tribochemical smooth layer formed in humid air led to
less friction. In oil/diesel fuel lubricated conditions, wear occurred in two steps: initially controlled by
plastic deformation and then followed by subsurface microcrack formation, microfracture and micro-

abrasion.

Solid particle erosion rate is found to be higher and steady states attained earlier against harder
erodent particles. Erosion resistance is improved for harder SiC ceramics. Grain refinement and
reduced amount and size of pores resulted for superior resistance against erosion. Erosion rates of SiC
ceramics were estimated by semi-empirical models with mechanical properties like hardness, fracture
toughness and elastic modulus. Since none of the proposed models for erosion prediction/estimation
was completely satisfactory, it is highlighted necessity for incorporation of microstructural aspects into
erosion theories. Incorporation of SiC fibers in SIC matrix resulted in improved erosion resistance at
elevated temperature. The difference in erosion rate with change in impingement angle of erodent also
found to be less at high temperature. In general, erosion rate of SiC composites increased with increase
in temperature up to 800°C and attributed to brittle fracture and stripping of aggregates. Further
increase in temperature up to 1400°C resulted in the formation of silica based glassy film and decreased

erosion.

Solid particle erosion for SiC ceramics is reported to occur by elastic-plastic deformation based
microfracture followed by subsurface crack formation beneath the plastic zone. Size and type of cracks
are found to dependent on erodent shape and size, mass flow rate, velocity and angle of impingement

of erodent, temperature, hardness toughness and microstructure of target materials. In case of low
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velocities of erodent, dependent on shape of the erodent, two types of cracks were generally reported.
On impact of blunt erodent, generation of cone cracks are observed whereas lateral and/or median
cracks are generated beneath the plastically deformed surface against sharp erodent. For high velocities
impact of erodent, material removal from target surface is removed by plowing, severe cracking and
chipping. Erosion wear of SiC based composites was also dependent on the characteristics of second
phase such as geometry, durability, energy dissipation etc. During erosion, SiC fiber reinforced SiC
composites initially detached out of matrix which further left pores and then resulted in easy removal of
SiC ceramics. Shape, size and size distribution of erodent particles influence erosion of SiC ceramic

composites.

An incorporation of tungsten carbide (WC) in SiC ceramics has received much less attention.
Improved wear resistance is expected by adding tough and strong WC in the hard SiC matrix. The
successful densification of SiC-WC composites at a temperature as low as 1800°C through liquid-phase
sintering [Sharma 2014] increased interest in structural and tribological properties liquid-phase sintered
SiC-WC composites. Until now only ambient temperature erosion wear behavior of hot pressed SiC-
WC composites is reported by our group [Sharma 2014]. It was found that the SiC ceramics containing
30 wt% WC exhibited better erosion resistance when eroded by SiC or alumina particles. The erosion
wear was found maximum at normal incidence of erodent particles. No other literature has been
reported on the study of tribological behaviour of this novel SiC-WC composites.

Owing to the expected use of SiC-WC composites in applications like ball bearings, nozzles, heat
exchanger tubes, etc. their performance potential under sliding and erosion wear conditions is
systematically investigated in the present doctoral thesis work. The dominant material removal
mechanisms in the selected wear conditions are particularly elucidated as function of WC composition

and applied sliding load.
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CHAPTER 3
Experimental Technique

In this chapter, experimental techniques used for tribological characterization of novel SiC-WC
composites are mentioned. First, details about material compositions and their processing is provided.
This is followed by details of microstructural and mechanical behaviour of the composites. Major
techniques to understand the tribological behavior of the composites are explained in detail. Finally,

details about techniques to characterization and analyses of worn surface are also provided.

3.1. Materials
Dense silicon carbide ceramic composites used in the present study were prepared by hot
pressing mixtures of SiC and WC powders (0, 10, 30 or 50 wt%) at 1800°C for 1 h under 40 MPa of
pressure in an argon atmosphere. Al203, Y203 and CaO were used as sintering additives. The batch

composition and sintered density of the composites are shown in Table 3.1.

Table 3.1. Sample designation, batch composition, and sintered density of the investigated powder

mixtures.
Sample Batch composition (wt %) Sintered density
designation I e —Tasic. [We_ |AzOs V.05 |cCa0 (g/cc)
SWO0 94.05 0.95 0 3.5 1.0 0.879 3.23
SW10 84.15 0.85 10 o o) 1.0 0.879 3.51
SW30 64.35 0.65 30 3.5 1.0 0.879 431
SW50 44.55 0.45 50 3.5 1.0 0.879 5.45
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The sintered sample surfaces were polished to obtain an arithmetic average surface roughness
(Ra) of 30 — 70 nm. Surface roughness characteristics of polished surfaces were studied using AFM
analysis (NT-MDT NTEGRA, Moscow, Russia). Figure 3.1. shows a typical AFM image of a polished

surface of SiC (0 wt% WC) ceramics.

Fig.3.1. Three-dimensional profiles of polished SiC ceramics.

Scanning electron microscopy (SEM) was used to observe the etched or fractured surfaces.
Typical microstructures of etched and fractured SiC specimens prepared with 0, 10, 30 and 50 wt%
WC particles are shown in Figure 3.2 and 3.3. Etched microstructures exhibited a reduction in the
average size of the near equi-axed SiC grains from 835 to 578 um with 50 wt% WC addition. Fractured
surfaces demonstrated the domination of transgranular fracture with WC addition to SiC ceramics.
Hardness and fracture toughness values of sintered composites are provided in Table 3.2. The hardness
of sintered composites varied from 24.0 GPa to 26.3 GPa, whereas the fracture toughness varied from
5.85 MPa.m'? to 6.66 MPa.m*2 with WC addition. The fracture toughness increased to a maximum
when 50 wt% WC was added, whereas the maximum hardness of 26.3 GPa obtained for SiC-30 wt%
WC composites. Since the present thesis is focused on characterization of SiC-WC composites when
subjected to complex tribological conditions, only brief details of sintering, microstructures and
mechanical properties are provided. Complete details are provided in [Sharma 2014].
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Figure 3.2. Typical SEM images of etched surfaces of SiC ceramics prepared with (a) 0% WC, (b)
10% WC, (c) 30% WC, and (d) 50% WC.
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Figure 3.3. SEM images of fractured surfaces of SiC ceramics sintered with (a) 0% WC, (b) 10% WC,
(c) 30%WC, and (d) 50% WC.
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Table3.2. Sintered density, hardness and fracture toughness of the investigated SiC-WC composites.

WC Sintered density Hardness Fracture toughness
(Wt%0o) (g/cc) (GPa) (MPa.m72)
0 3.23 23.95+0.97 5.85+0.30
10 3.51 24.02+1.12 6.36+0.22
30 4.31 26.33+0.71 6.47+0.13
50 5.45 24.26+1.12 6.66+0.12
3.2. Pre-Wear Characterization:

Sintered SiC-WC composites were analyzed for initial surface treatment and characteristics
before subjected to tribological performance tests. The surfaces of the sintered SIC-WC composites
will be prepared using standard techniques involving polishing with successively finer grades of emery
papers and diamond suspensions (Buehler PlanarMet 300, India) on auto polisher. The sample surfaces
were polished to obtain an arithmetic average surface roughness (Ra) of 20-70 nm. Surface roughness
characteristics of polished surfaces were studied using Stylus profilometer or AFM analysis (NT-MDT
NTEGRA, Moscow, Russia).

3.3. Wear Testing:

A systematic wear tests were executed to understand the complete tribological potential of
novel SiC-WC composites. Influences of applied normal load, counterbody, temperature and angle of
impingement on friction and wear behavior of the composites were explored. Basically tribological
behavior were executed in three distinct wear conditions: (1) Continuous sliding, (2) Reciprocated
sliding (3) Solid particle erosion.

3.3.1. Continuous Sliding Wear Tests:
The friction and wear behavior of monolithic SiC and SiC-WC composite disks in continuous

sliding wear conditions was studied against commercially available SiC (SBB Tech. Co., Suwon,
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Korea), WC and steel (bearing grade AISI 52100) balls of 6.35, 10 and 6.35 mm diameter respectively.
The frictional force was continuously recorded using an electronic sensor to generate a real time
coefficient of friction (COF). Tests were performed using a ball-on-disk tribometer (TR-201E-M2,
DUCOM, Bangalore, India). A photograph of tribometer is shown in Figure 3.4.

Figure 3.4. Ball-on-disk tribometer used to perform continuous sliding wear test.

As per the information from manufacturer hardness of the balls were 28, 14 and 7 GPa for SiC, WC
and steel ball respectively. Before tribological testing, both disk samples and balls were cleaned using
acetone in an ultrasonic bath for 15 minutes, followed by drying in a hot air stream. The balls was kept
stationary under the applied load to make a track radius of 6 mm, while the disk was rotated at 500 rpm
(a linear speed of 0.16 m/s) for 30 min (total sliding distance of 283 m). Sliding wear tests were done in
ambient conditions (27 £5°C and 40 +10% RH) at three loads: 5, 10 and 20 N. The maximum (initial)

Hertzian contact stresses varied between 1.07 GPa and 1.85 GPa with applied load and reinforced WC
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content in SiC. The frictional force was continuously recorded using an electronic sensor to generate a
real time coefficient of friction (COF). The surface profiles of worn disk samples were studied to
determine the depth and width of wear scars using a profilometer (SJ 400, Mitutoyo, Japan).

At least 10 orthogonal measurements per track and three tracks for each composition were made to
obtain average values of width and depth of wear scars. Results of width and depth were used for
quantification of the extent of volumetric wear damage in the disk. Further, the estimated wear volume
of the disk was divided by the applied load and total sliding distance, and is reported as a specific wear
rate. The average of the wear rate and the coefficient of friction data are reported after conducting at

least three sliding experiments.

3.3.2. Reciprocated Sliding Wear Test:
The friction and wear characteristics of SiC-WC composites were studied against SiC
counterbody using a ball-on-disk tribometer (shown in Figure 3.5). The tribometer had stationary base
with sample holder system on it. The upper part of the holder was connected with oscillating motion

mechanism to hold ball and equipped with a load cell.

Figure 3.5. Ball-on-disk tribometer to perform reciprocated sliding wear test.
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All the tests were performed against SiC ball (Ra ~8 nm, and hardness of 28 GPa, as claimed by
the manufacturer SBB Tech. Co., Suwon, Korea) of diameter 6.35 mm Frequency for the test was
maintained at 8.3 Hz with a stroke of 4.71 mm (speed = 78 mm/s) for 1000 cycles. Control experiments
were conducted for SiC ceramics at 6, 9.3 or 19.3 N to understand the effect of load on friction and
wear behavior in ambient conditions (28+2°C and 55+5% RH), while the effect of (10, 30 or 50 wt%)
W(C content on sliding wear behavior of SiC-WC composites at 19.3 N load was systematically studied
in both ambient and elevated temperature (500°C) conditions. At least three experiments were
performed for determining the average coefficient of friction (COF) for each combination of
composition, load and temperature. An optical profilometer (Contour GT-kO. Bruker, USA) was used
for three dimensional analysis of wear scar to determine depth and width of wear scar. Wear volume

was further calculated using wear scar depth and width.

3.3.3. Solid particle erosion wear test:

Erosion tests were performed using an air jet erosion machine equipped with furnace to heat up the
sample surface. Silicon carbide erodent particles of 40-70 um in size were dried in an oven at 100°C for
1 h and were mixed with air. The mixed air jet passed through a WC nozzle of 3 mm diameter and were
subjected to erode the polished surface of the composite at a stand-off distance of 10 mm. Air pressure
was controlled to maintain the particle velocity at 47 m/sec with a flow rate of 3 g/min. Erosion tests
were done at 800°C temperature with different angles of impingement: 30, 60, and 90°. High
temperature erosion tester (TR-201E-M2, DUCOM, Bangalore, India) is shown in Figure 3.6.

The weight loss of the sintered ceramics was measured to an accuracy of £0.1 mg after 15 min of
erosion. The test was continued considering a steady state weight loss for the composites on the basis
of our previous investigation [Sharma 2014]. The average weight loss in steady state was converted to
average volume loss and steady state erosion rate E in mm?®kg was determined as per the following:

M
where V is volume of the material removed in steady state in mm? and the M is the mass of the erodent

particles used in steady state in kg.
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Figure 3.6. High temperature solid particle erosion tester.

The erosion results were checked for the reproducibility by conducting whole experiment at least twice
for each composition and angle of impingement. Material removal mechanisms were elucidated using

SEM-energy dispersive spectroscopy (EDS) (ULTRA plus, Carl Zeiss, Germany) analysis of eroded
surfaces.
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3.4. Post-wear characterization:

The surface profiles of worn disk samples were were studied to determine the depth and width of
wear scars using profilometer. Further the worn surfaces of the SiC-WC composites were examined to
identify the dominant mechanisms of material removal using scanning electron microscopy
(SEM)/Energy dispersive spectroscopy (EDS), FIB (JEOL JSM-7600F), X-ray diffraction (XRD),
TEM (JEOL-2100F; Tokyo, Japan).

3.4.1. Surface profilometery:

The surface roughness were estimated for both unworn and worn ‘surfaces using surface
profilometer. The surface profiles were used to measure the depth and width of wear tracks towards
estimating the volumetric loss of the materials due to wear. The measuring method involved with
firstly scanning the wear depth profile across a wear track at various locations, and then determining
the average of depth and width using at least 10 measured values. The average of wear track width and
depth were further used in computing the wear volume according to following relation:

Wear volume = (2 & xTrack radius) % (Track width) % (Track depth) ..................... (3.2)

3.4.2. Scanning electron microscopy (SEM)/Energy dispersive spectroscopy (EDS):

Worn surfaces were examined to understand the major material removal mechanisms and defects in
detail. The elemental distribution on the worn surfaces was also studied using energy dispersive X-ray
spectroscopy (EDS). Also, SEM/EDS analysis was used for identifying signatures of surface changes

or formation of oxide or carbide on the worn surfaces using elemental analysis.

3.4.3. X-Ray diffraction (XRD):
The phase evolution of the SiC-WC composites after wear were studied with varying WC content
using XRD. The information about the possible phases were used to estimate the effect of WC

reinforcement on tribological behaviour during wear of the SiC-WC composites.

3.4.4. Raman spectroscopy:
The debris particles obtained after sliding wear of SiC-WC composites against different
counterbody were carefully collected. Debris collected were analyzed using Raman spectroscopy
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(Renishaw invia Raman spectrometer (serial no. 021R88) equipped with argon ion laser (514 nm))
for the reaction product during sliding against different counterbody. Information of reaction
product were used to understand the friction and wear behaviour of SiC-WC composites against

different counterbody.

3.4.5. Specimen preparations for observation of sub-surface damages:

SEM observations in cross-section mode for the damaged zoned underneath the wear tracks were
performed in dual-beam FIB/FEG-SEM (Auriga™ Compact; Carl Zeiss). Cross-section TEM
specimens below the wear tracks were prepared using the same dual-beam FIB/FEG-SEM equipped
with Omni probe manipulator OP-200 (Oxford Instruments). Initially, a piece of dimensions 10 x 5 x 1
um was cut from the worn surface down to the bulk of the sample using the Ga-ion milling inside the
FIB/SEM sample chamber, which was thinned down to ~80 nm thickness at 30 kV accelerating voltage
and 500 pA ion bean current. The lamella was further (precision) polished at 5 kV and 20 pA current
for obtaining electron transparent specimen. The TEM observations were performed in high resolution-
transmission electron microscopy (HRTEM) (FEI Tecnai G2, F30-300 kV and FEI Titan G2 60 -300
TEM).
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CHAPTER 4

Continuous Sliding Wear Behaviour of SiC-WC Composites

In the present chapter of the thesis, results obtained from sliding wear study of SiC-(0, 10, 30 or 50)
wt% WC composites are described. Sliding was done in dry unlubricated condition against SiC
(hardness: 28 GPa), WC-Co (hardness: 14 GPa) and steel ball (hardness: 7 GPa). In particular, an
attempt has been made to answer the following important questions: (i) How does the load (from 5 to
20 N) effect sliding wear behaviour of SiC-ceramics against SiC, WC-Co and steel counterbodies? (ii)
Is there effect of WC content on friction and wear characteristics of SiC ceramics? (iii) Does the
dominant material removal mechanism of SiC ceramics changes with the addition of WC or

counterbody? (iv) What is the influence of mechanical properties on the sliding wear?

4.1. Background:

It is reported that liquid phase sintered (LPS) SiC with fine or elongated grains microstructure resulted
improved wear resistance [Lopez 2005; Ciudad 2013; Kovalcikova 2015]. The research results indicate
a strong influence of composition (microstructure) and mechanical properties of the composites in
different wear conditions. Zum-Gahr et al. [2001] estimated the tribological behaviour of SiC ceramics
by oxidation reactions in the presence of oxygen and/or humidity in the surrounding atmosphere. It was
also pointed out that as the humidity increased from 30 to 60%, the nature of damage in SiC ceramics
changed from mechanical to tribochemical [Murthy 2004]. Formation of oxidative layer may be
protective or destructive depending on nature of sliding couple materials, applied load, sliding speed
etc. [Skopp 1992; Takadoum 1994]. Hsu et al. [1996] reported a change in wear mechanism from
abrasion at a low speed of 1.9 mm/s and a low load of 2 N to intergranular fracture at high speed of
0.57 m/s and a high load of 360 N in air or water. Sliding couples of ceramic materials like silicon
carbide, silicon nitride, alumina or zirconia exhibit high friction coefficients in unlubricated conditions
[Skopp 1992]. Kovalcikova et al. [2014] studied the influence of counterpart material like SizNa, Al>O3,
ZrO2 and WC-Co on the friction and wear behaviour of SiC ceramics. They found mechanical wear

and tribochemical wear as major material removal mechanisms against any ceramic counterpart.
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However, the difference in wear behaviour of SiC ceramics with the change in counterbody material
type from ceramics to cermets or metals is systemically studied.

In the present work, the tribological behaviour of novel SiC-WC composites is investigated in dry
sliding conditions (27 £5°C and 40 +10% RH) against ceramics (SiC), cermets (WC-Co) and metal
(steel) counterbody. In particular, the influence of WC content (0 to 50 wt%) and counterpart material

on wear mechanisms of SiC ceramics is elucidated.

4.2. Results obtained in sliding of SIC-WC composites

4.2.1. Friction results
Monolithic SiC ceramics subjected to sliding wear against different counterbody i.e. SiC, WC-
Co and steel ball at 5 N, 10 N or 20N exhibited difference in frictional behavior (Figure 4.1).
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Figure 4.1. Evolution of coefficient of friction for monolithic SiC ceramics at (a) 5 N, (b) 10 N and (c)

20 N, against SiC, WC-Co and steel counterbodies.
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It shows significant fluctuations in friction against SiC and WC-Co ball as compared to steel ball.
Fluctuations reduced in their intensity with increase in load from 5 N to 20 N for any counterbody.
Furthermore, monolithic SiC exhibited highest steady state COF value against WC-Co counterbody at
any load. The difference between steady state value of COF against different counterbodies increased
from 0.15 to 0.36 as load increased from 5 N to 20 N.
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Figure 4.2. Average steady state coefficient of friction of SiC-WC composites against SiC, WC-Co
and steel counterbodies at 20 N load.



Figure 4.2 shows the effect of WC content on the average steady state COF of SiC-WC composites
when slid against SiC, WC-Co ball and steel ball at 20 N load. With increase in WC content average
steady state COF decreased against SiC (from 0.49 to 0.39) and WC-Co (from 0.66 to 0.33)
counterbody, whereas it increased against steel ball (from 0.34 to 0.43). Generally, average COF values
for SiC ceramics in sliding wear are reported from 0.20 to 0.75 with different parameters and working
environments [Lopez 2005a,b, 2007a,b,c; Ciudad 2012; Ortiz 2012; Gates 2004; Hsu 1996; Kato
2002]. For ceramics, high friction mainly results from mechanical wear including third body abrasion,
fracture and chipping [Cranmer 1985; Zum-Gahr 2001], while less friction is attributed to the
formation of hydrated silica or adhered oxide layer at the contact [Andersson 1994; Murthy 2004;
Kumar 2008].
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Figure 4.3. Typical surface profile of wear scar on monolithic SiC ceramics at (a) 5 N, (b) 10 N and (c)
20 N, against SiC, WC-Co and steel counterbodies.
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Further, surface profiles of wear scar perpendicular to sliding direction are acquired for measuring
depth and width of wear scar. Typical surface profiles of wear scars for monolithic SiC at 5, 10 and 20
N load, and SiC-WC composites at 20 N load are respectively shown in Figures 4.3 & 4.4. With
increase in load from 5 N to 20 N, depth and width varied from 0.23 pum to 2.39 pum and from 0.18 mm
to 0.86 mm, respectively. At a given load, the depth and width of the scar are significantly higher

against hard SiC counterbody as compared against steel counterbody (see Figure 4.3).
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Figure 4.4. Typical surfaces profiles of wear scars against SiC, WC-Co and steel counterbodies at 20 N
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for SiC ceramics sintered with (a) 0, (b) 10, (c) 30 and (d) 50 wt% WC.
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It is observed from Figure 4.4 that with increased WC content in SiC-WC composites, depth and
width reduced against any ball at 20 N load. With increase in WC content from 0 to 50 wt%, depth and
width decrease from 0.69 pum to 0.28 pum and from 0.42 mm to 0.29 mm, respectively against steel ball.
Depth and width decreased from 1.53 um to 1.18 pum, and from 0.60 mm to 0.40 mm with increase in
W(C content against WC-Co ball. Depth and width decreased from 7.08 um to 3.13 pm and from 0.86
mm to 0.42 against SiC ball with the increase in WC content from 0 to 50 wt% in SiC ceramics. It is
clear from the Figures 4.3 & 4.4 that maximum value of width or depth obtained against SiC ball are
independent of load applied and WC content. Therefore, the depth and width of wear scars obtained
during sliding wear ‘of the SiC ceramics are significantly influenced by hardness or type of the
counterbody.

4.2.2. Wear results:

The wear volume of SiC ceramics against SiC, WC-Co and steel ball at 5 N, 10 N and 20 N
load is plotted in Figure 4.5. In general, wear volume increased with increase in applied load against
any counterbody. It shows continuous increase in wear volume with the change of counterbody
hardness from 7 GPa (steel ball) to 28 GPa (SiC ball). SiC ceramics exhibited approximately 5-10
times more wear against SiC counterbody as compared to against WC-Co counterbody. Further,
approximately 5-10 times more wear against WC-Co counterbody as compared to against steel
counterbody. The wear volume of SiC ceramics varied between 5.9 X 10* mm? and 8.5 X 102 mm3
with change of load or counterbody. Against WC-Co ball, one order of magnitude increase in wear
volume from 5.4 X 10 mm?3 to 1.7 X 102 mm?3 is observed with increased load. Similarly against steel
ball, one order of magnitude increase in wear volume from 5.9 X 10* mm?3 to 4.7 X 10° mm? is
obtained with increase in load from 5 N to 20 N. It is also observed that SiC ceramics resulted in
maximum wear at 20 N load against any counterbody. Therefore, SiC-WC composites are investigated
only at 20 N load to understand the effect of WC content on sliding wear behaviour against different

counterbodies.
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Figure 4.5. Wear volume of SiC ceramics as function of load against SiC, WC-Co and steel

counterbodies.

Figure 4.6 shows wear volume of SiC-WC composites as function of WC content against SiC, WC-
Co and steel counterbodies at 20 N. Lowest wear volume is obtained for SiC ceramics reinforced with
50 wt% WC against steel ball. SiC ceramics reinforced with large amount of WC exhibit higher
fracture toughness led to less mechanical fracture or grain pull-out during sliding wear. With increase
in WC content from 10 to 50 wt%, wear volume decreased from 5.2 X 102 mm3to 2.3 X 102 mm?
against SiC ball. Wear volume decreased with one order of magnitude from 1.2 X 102 mm3to 5.7 X
107® mm?3 against WC-Co ball, while a slight change in wear volume from 4.7 X 10 mm3to 2.0 X 103

mm? is observed against steel ball.
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Figure 4.6. Wear volume of SiC-WC composites against SiC, WC-Co and steel counterbodies at 20 N
load as function of WC content.

4.2.3. Worn surface analysis:

Typical SEM images of SiC ceramics worn at 5, 10 and 20 N against SiC, WC-Co and steel ball
are shown in Figure 4.7. It is observed that material removal mechanisms against SiC ball are mainly
abrasion, mechanical fracture and grain pull-out. Increased extent of mechanical fracture observed on
disk surfaces with increase in load from 5 N to 20 N against SiC ball (Figures 4.7a to 4.7c). Against
WC-Co ball, extent of abrasion and retained debris on disk surfaces increased with load. In case of
steel counterbody, abrasion and retained debris are dominant on worn disk surface of SiC ceramics at
low load of 5 N, while surface polishing and suppression of retained debris are observed at high load of
20 N. The EDS analysis of worn surfaces reveales the presence of oxygen along with elements from
disk or counterbody (Figures 4.7j, k & I).
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Figure 4.7. SEM images of worn surfaces of SiC ceramics against SiC, WC-Co and steel
counterbodies at 5 N, 10 N and 20 N load. EDS analysis of worn surface at 20 N against SiC, WC-Co
and steel ball (j, k and I).

Figure 4.8 shows typical SiC-WC composites surfaces worn against SiC, WC-Co and steel
counterbodies at 20 N load as function of WC content. Since WC reinforcement led to increase in
fracture toughness of the SiC ceramics, the mechanical fracture and grain pull-out from the disk

surfaces are decreased when slid against SiC ball. Removal of WC particles from the disk surfaces due
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to penetration of SiC ball in disk surfaces cause large amount of material loss in case of SiC ceramics
with large amount of WC content. As fracture toughness increases, ball penetration into the disk
surfaces decreased with the increase in WC content in SiC ceramics, which led to decrease in fracture
(Figures 4.8a to c). In case of WC-Co counterbody, significant abrasion and WC particles or retained
debris are observed on worn surface of SiC-10 wt % WC composite, while the worn surface is covered
with a thick layer in SiC-30 wt% WC and SiC-50 wt% WC composites (Figures 4.8d to f). In case of
sliding against steel ball, worn surface of SiC-10 wt % WC composite is rough with fracture surface
and abrasion, while the reduced fracture and abrasion are observed on SiC-50 wit% WC composite
worn surface (Figures 4.8g to i). The presence of layer is not observed on the composite surface worn

against steel.
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Figure 4.8. SEM images of worn surfaces of SiC-WC composites against SiC, WC-Co and steel

counterbodies at 20 N load.
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Figure 4.9. Typical worn surfaces of counterbody (SiC, WC and steel ball) slid against SiC-WC
composites at 20 N load.

Material removal mechanisms are further understood by observing surfaces of counterbody balls
(Figure 4.9) worn against SiC-WC composites at 20 N. Worn surfaces show mainly abrasion and pits
as material removal mechanisms for SiC ball counterbody, whereas polishing and adhered layer
removal for WC-Co or steel ball. Strongly adhered layer is observed on the WC-Co ball surfaces with
the increased content of WC in SiC-WC composites. Against monolithic SiC ceramics, the surface of
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steel ball is completely polished (Figure 4.9i) but, loosely adhered layers are also observed on ball
surfaces with increased WC content in SiC-WC composites (Figures 4.9 k & I). Owing to less fracture
and penetration with increased WC content in SiC ceramics, the scar diameter decreased for any
counterbody.
4.2.4. Debris analysis:

SEM images of debris collected after wear of SiC-WC composites against SiC, WC-Co and
steel balls are shown in Figure 4.10. In general, debris size reduced with increase in WC content. This

can be attributed to the reduced grain size of the SiC-WC composites with increased WC content.

b S T

Figure 4.10. SEM images of debris collected after wear of SiC-WC composites against SiC, WC-Co

and steel counterbodies at 20 N load.
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Figure 4.11 shows Raman spectroscopy analysis of debris particles collected after sliding of
SiC-50 wt% WC composite against SiC, WC-Co or steel ball. It validated the formation of silicon
oxide [Cortes 2015], tungsten oxide [Luo 2013] and cobalt tungsten oxide [Anspoks 2014] when SiC-
WC composites slid against SiC or WC-Co counterbody. In addition, it also supported the formation of
iron oxide [Zhang 2013] and iron tungsten oxide [Qian 2014] when SiC-WC composites slid against

steel ball.
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Figure 4.11. Raman spectroscopy analysis of debris collected after sliding wear of SW50 composites
against SiC, WC-Co and steel counterbodies.
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4.3. Discussion

In this section, phenomenological understanding on the effect of counterbody on frictional and wear
behavior of SiC-WC composites as function of WC content is provided. This is followed by the
discussion on dominant mechanisms of material removal as function of counterbody and WC content.
Also, a short note on the effect of mechanical properties on the wear behavior of SiC-WC composites

against different counterbody is provided.

4.3.1. Effect of counterbody on friction and wear behaviour

Fluctuations in friction for monolithic SiC ceramics increased with load when slid against SiC
or WC-Co ball (see Figures 4.1) owing to increased mechanical fracture or third body abrasion.
Against steel ball, fluctuation reduced with increased load as iron oxide debris particles are suppressed
at higher load. SiC ceramics exhibited highest average COF against WC-Co ball and lowest against
steel ball at any load. Average steady state COF against SiC counterbody lied in between the value
obtained against WC-Co and steel. It was reported earlier that ceramics with dissimilar sliding pairs
exhibit different frictional behavior due to difference in the ionic potential of oxides formed between
mating surfaces in dry sliding conditions. The tendency for oxide layer formation is large at high
sliding load due to friction induced high temperature at the sliding contact [Kumar 2007 & 2008].

In case of composites, reduced fracture with high WC content led to reduced tendency for the
formation of hard oxides, leading to less friction [Kovalcikova 2014]. It is also well reported [Rice
1985; Zum-Gahr 1989 &1993] that plastic deformation and transgranular fracture of individual grains
are pronounced in microstructures containing fine grains and result in small size debris. The small size
debris particles are compressed and plastically deformed into layers in sliding contact and hence led to
less friction and wear. Accordingly fine grains resulted fine debris size for SIC-WC composites with
large amount of WC content. Also fine debris particles are more prone to get connected to each other in
hydrated environment and form layers adherent to the material surface [Zum-Gahr 2001]. Strongly
adhered layers resulted in less friction and protected the underneath material from wear. Thus fine grain
SiC-WC composites exhibited lowest friction against SiC or WC-Co ball as compared to coarse
grained monolithic SiC ceramics.

On the other hand increased friction obtained for SiC-WC/steel system contradicts to reduction in

friction with finer grains. This can be understood as per the following: During sliding against steel
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counterbody, formation of hard iron tungsten oxide (FeWQg) is expected with increased WC content as
per the following reactions:
2Fe + 02 D 2F0  —-mmmm e 4.2

FeO + WO3 2 FEWO,  ---=m-mmmmmmmmmmm oo (4.2)

The above mentioned reactions are thermodynamically feasible (AG < 0) in the 273-973 K range.
Formation of hard FeWQO4 and loosely bonded iron oxide with WC content participated as third body
between the mating surfaces and resulted in high friction during sliding (see Figures 4.10 & 4.11). So,
it is worth to note that COF is independent of hardness of counterbody.

In general, wear rates for SiC ceramics in sliding conditions are reported to vary in the order of 1077-10°
4 mm3/N.m [Cranmer 1985; Dong 1995; Zum-Gahr 2001; Murthy 2004; Jordi 2004; Udayakumar
2011]. In the present study, coarse grain SiC ceramics resulted in highest wear against any counterbody
at 20 N load. Higher fracture toughness of SiC-WC composites led to reduction in mechanical fracture
and grain pull-out, causing reduction in wear volume against SiC counterbody. Wear of disk surface
reduced for fine grain SiC-WC composites with less fracture and formation of protective tribolayer on
the disk or ball surface during sliding against WC-Co or steel counterbody (see Figures 4.10 & 4.11).
The stability of adhered layers also reduced with increased average grain size of the ceramics and led to
cracking and/or delamination of the layers and hence increased the wear [Zum-Gahr 1993]. SiC-WC
composites exhibited higher wear volume when slid against SiC counterbody compared to wear
volume obtained against WC-Co or steel counterbody. Therefore, it is to note that the wear volume of

SiC-WC composites is dependent on hardness of the counterbody ball.

4.3.2. Wear mechanisms

With decreased hardness of counterbody, material removal mechanisms changed from
mechanical fracture to adhesive wear for the investigated ceramic composites. Large tendency for
mechanical fracture of SiC ceramics is found against SiC counterbody as compared against WC-Co or
steel ball. Against steel counterbody, polishing of surface observed at higher load. The debris generated
between the mating surfaces led to more wear due to third body abrasion for SiC ceramics at higher
load. Major wear mechanisms for SiC ceramics against SiC, WC-Co and steel counterbody at 5 N, 10
N and 20 N load are listed in Table 4.1.
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Table 4.1. Dominant wear mechanisms for the SiC ceramics as function of load and counterbody.

Applied Counterbody
Load Steel WC SiC
(N)
5 Embedded debris and Abrasion Mechanical fracture
abrasion
10 Deep grooves abrasion Deep grooves abrasion | Mechanical fracture and
Grains pull-out
20 Abrasion and polishing Embedded debris and | Mechanical fracture and
abrasion Grains pull-out

Material from the disk composites surface is removed due to abrasion and cracking during sliding
of hard SiC counterbody. SiC-50 wt% WC composite with higher fracture toughness restrict crack
propagation and exhibits less wear. On the other hand, strongly adhered tribolayer affected the frictional
and wear characteristics of SiC-WC composites against WC-Co and steel ball. Adhered tribolayer
protected the wear surface by restricting the depth of penetration during sliding. Less penetration of
counterbody having low hardness led to removal of less material. It implies that with decreased
counterbody hardness from 28 GPa (for SiC ball) to 7 GPa (steel ball), wear of the SiC-WC composite
reduced, as extent of abrasion, mechanical fracture and grain pull-out decreased with protective
tribolayer (see Figure 4.8). Dominant wear mechanisms for the SiC-WC composites against SiC, WC-
Co and steel ball with respect to WC content in SiC ceramics are summarized in Table 4.2. A schematic
illustration of major material removal mechanisms for SiC ceramics and SiC-WC composites against

SiC, WC-Co and steel counterbody are represented in Figure 4.12.

Table 4.2. Major wear mechanisms for the SiC-WC composites against SiC, WC-Co and steel ball as
function of WC content.

WC content Counterbody
(Wt%) Steel WC SiC

0 Abrasion and Embedded debris and Mechanical fracture and
Polishing abrasion Grains pull-out

10 Abrasion and Abrasion Reduced fracture,

adhered debris polishing and pull-out
30 Abrasion Adhered and compacted Polishing and pull-out
oxide layer

50 Reduced Highly adhered and Polishing and Reduced

Abrasion compacted layer pull-out
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ceramics when slid against SiC, WC-Co or steel ball.
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4.3.3. Effect of mechanical properties

The complex wear behavior of brittle solids is often reported to be influenced by mechanical
properties such as hardness, fracture toughness, and elastic modulus. Tatarko et al. [2010] reported
lower specific wear rate for the material with higher hardness. Moreover, Miyazaki et al. [2009]
observed that neither hardness nor fracture toughness show any direct relationship to the specific wear
rate of SisN4 ceramics. In the present study, the wear rate of studied materials decreased with the
increased fracture toughness. The maximum hardness of 26.3 GPa for SiC-30 wt% WC composites is
attributed to the homogeneous dispersion of WC particles in the SiC matrix. On the other hand, a
maximum fracture toughness of 6.7 MPa.m*2 observed for SiC-50 wt% WC composites is attributed to
crack deflection and bridging by a large amount of WC particles [Sharma 2014]. Results from the
present study indicate that the minimum amount of material is removed for SiC-50 wt% WC composite
against any counterbody, which possessed the maximum fracture toughness. Thus, fracture toughness
appeared as more important property than hardness in estimating the extent of sliding wear for the
investigated SiC-WC composites.

4.4, Summary
SiC ceramics were investigated for sliding wear behaviour against SiC, WC-Co or steel
counterbody at 5 N, 10 N or 20 N load in ambient conditions using a ball-on-disk tribometer. Further,
the effect of the addition of WC (10, 30 or 50 wt%) on the friction and wear characteristics of SiC-WC
composites is studied against SiC, WC-Co or steel at 20 N load. The following are major conclusions:
(@) At high load, SiC ceramics resulted in higher friction against WC-Co ball due to increased
fracture, while less friction observed at high load against steel ball due to the compaction of soft
iron oxide debris. The COF is independent of hardness of counterpart materials. The COF value
for the SiC ceramics varied from 0.66 against WC-Co ball to 0.34 against steel at 20 N load.
SiC ceramics exhibited approximately 100 times more wear against SiC counterbody as
compared against steel counterbody. Wear volume varied between 5.9 X 104 mm?® and 8.5 X
10 mm? with change in load or counterbody. SEM-EDS analysis of worn surfaces of SiC
ceramics indicated abrasive grooves with mechanical fracture responsible for the material
removal against SiC or WC-Co counterbody, while abrasive grooves with polishing are
observed against steel counterbody.
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(b) With increase in WC content from 10 to 50 wt %, average steady state COF decreased from
0.49 to 0.39 against SiC and from 0.55 to 0.33 against WC-Co counterbody for fine grain sized
SiC-WC composites. But increased formation of hard FeWO, with increased amount of WC
content in SiC ceramics led to an increase in COF from 0.35 to 0.43 against steel counterbody.
The SiC-WC composites with higher WC content exhibited less wear against any counterbody.
Lowest wear volume of 2.0 X 10 mm? is obtained for SiC-50 wt% WC composites against
steel ball.

(c) Significant change in major wear mechanisms of SiC-WC composites.is observed with change
in counterbody. Worn surface of SiC-WC composites showed mechanical fracture as material
removal mechanism against SiC counterbody, while worn surfaces of composites revealed
tribochemistry with increased WC content against WC-Co or steel counterbody. Fine grained
SIC-WC composites exhibited small size debris. The compaction of which resulted in the
formation of oxide rich layer at the contact against WC-Co or steel. Raman spectroscopy
analysis of debris collected from the worn surfaces of SiC-50 wt% WC compasites indicated
formation of silicon oxide, tungsten oxide, cobalt tungsten oxide particles when slid against SiC
or WC-Co counterbody and additional formation of iron oxide and iron tungsten oxide against
steel ball.

(d) The wear of SIC-WC composites is in general less against steel ball, whereas SiC-50 wt% WC
composite with maximum fracture toughness of 6.7 MPa.m*? exhibited superior wear resistance
against any counterbody.

(e) The present study necessarily demonstrates that the wear behaviour is influenced by the

hardness or type of the counterbody and fracture toughness of SiC-WC composites.

67






CHAPTER 5
Reciprocated Sliding Wear of SiC-WC composites

Considering the highest wear of investigated composites against SiC counterbody in chapter 3, SiC-(0,
10, 30 or 50 wt%)WC composites were further subjected to reciprocated sliding wear in ambient
condition (28+2°C and 55+5% RH) and at 500°C against SiC counterbody. Major results obtained are
presented in this chapter. In particular, tribological behaviour of SiC ceramics are analyzed as
function of load at ambient conditions and WC content at different temperature (RT and 500°C).

Dominant material removal mechanisms at different sliding conditions are particularly elucidated.

5.1. Background:

Sliding wear behavior is studied in continuous or reciprocating conditions. The pattern of wear
is alike for both wear conditions, but a higher wear is observed in reciprocated sliding. The difference
in wear can be understood in terms of characteristics of wear debris remained at the contact for long
time in reciprocated sliding conditions [Ward 1970]. Limited research available on wear behavior of
SiC ceramics in reciprocated sliding conditions highlighted the role of third body [Wasche 2004;
Dulias 2005; Amirthan 2011; Xia 2013]. Wasche et al. [2004] studied the pressureless sintered SiC
ceramics against SiC and Al>Osz balls in an environment with humidity ranging from 1 to 100% RH.
They found increase in wear rate for SiC ceramics worn against SiC balls by two orders of magnitude
in dry sliding as compared to sliding in humid environment. Cavities generated by grain pull-out and
microcracking in humid conditions acted as reservoir for the debris which further provided lubrication
and protected the surface from wear. Amirthan et al. [2011] also found reduced sliding wear of natural
materials derived SiC (Si/SiC) ceramics against Al20s ball in humid environment as compared to
sliding in dry conditions. In lubricated conditions, the reciprocating wear of self-mated reaction bonded
SiC ceramics decreased with decreasing initial surface roughness. The self-mated ceramics exhibited
high COF in isooctane than in distilled water [Dulias 2005]. However, reciprocated sliding wear of SiC
based composites has not been reported by any researcher.

Recently, WC reinforced SiC composites have attracted the research community due to the
expected improvement in thermal, mechanical or wear properties [Zhang 1994; Pang 2009; Sharma
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2014]. The wear resistance of SiC-WC composites against SiC particle erosion was highest for SiC-30
wt% WC composites [Sharma 2014], while in previous part of the study (Chapter 4), it was found that
the wear resistance in continuous sliding against SiC balls was highest for SiC-50 wt% WC
composites. So it is concluded that the optimum composition of SiIC-WC composites for superior wear
resistance is dependent on the wear conditions.

In order to thoroughly understand the potential of SIC-WC composites for reciprocated wear
applications such as bearings for the liquid rocket ‘engine turbopumps, bearings for rotary shaft,
transportation medium for hot abrasive materials, turbine blades, etc., a systematic investigation on the
behavior of SiC-WC composites in reciprocated sliding conditions against SiC ball is made for the first
time in the present part of the thesis. In particular, the influence of WC content (0 to 50 wt%) and
temperature (ambient temperature and 500°C) on the friction and wear behavior of SiC ceramics is

studied, and the wear mechanisms are elucidated.

5.2. Results and discussion
5.2.1. Frictional behavior
Average steady state COF data for composites obtained in sliding at room temperature is shown
in Figure 5.1. The COF for SiC ceramics changed from 0.5 to 0.4 with applied load and further it
decreased to 0.3 with WC content. The reported COF values for the SiC ceramics slid using different
test and materials parameters are in range of 0.2-0.7. High values of COF are reflections of mechanical
wear including abrasion, and chipping or fracture of surfaces, whereas lower values are resulted to the
formation of hydrated silica at the interface [Zum-Gahr 2001; Cranmer 1985; Murthy 2004]. On this
account, the high range of COF observed in the present study can be primarily attributed to mechanical
wear. The COF of the composites decreased with increase in load or WC content, indicating the effect
of third body at the contact. Further discussion on the nature of contact is provided in later section.
At elevated temperature (500°C), friction between the mated surfaces and SiC ball is found to be
0.7 during initial running in-period and increased continuously beyond 1.0 for all composites in 1000
cycle test. As no steady state for friction was obtained, average steady state COF was not determined.
Such frictional behavior of composites is expected to be a reflection of continuous generation and

fracture of debris between mated surfaces.
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Figure 5.1. Average steady state coefficient of friction (COF) of SiC-WC composites against SiC
counterbody at ambient temperature as function of load and WC content.

5.2.2. Wear results

Figure 5.2 shows a typical three dimensional image of surface of SiC ceramics worn at 19 N
load in ambient environment. At least 12 measurements in transverse direction of sliding were made
using optical images of three worn surfaces for determining the average value of depth and width.
Figure 5.3 shows typical profiles of wear scars in transverse direction of sliding. Average width and
depth of scar varied from 0.2 mm to 1.2 mm, and 0.1 pm to 1.3 pum, respectively. The width and depth
of scar for SiC ceramics increased with load (Figure 5.3a), whereas increased WC content led to their

reduction (Figure 5.3b) when tested in ambient conditions.
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Figure 5.2. Typical three dimensional image of SiC-30 wt% WC composite surface worn at 19 N load.

25 3

sic _ 19N
o] @ PV S N
’ | 19N ] SWSOMW
3- /

1.5 1

Depth (um)
=

w©

w

=z

Depth (m)
»
1%

2

%

0.5~

] 6{;‘ 07 swo
0.0 WWWWMW’M"M 14
00 02 04 06 08 10 00 02 04 06 08 10
mm mm

Figure 5.3. Scar profiles of (a) SiC ceramics at different loads and (b) SiC-WC composites worn at 19

N load and ambient temperature.
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Compared to ambient temperature, depth and width of scar are much higher for samples worn at
500°C. Typical scar profiles show change in width and depth with temperature for SiC ceramics
(Figure 5.4a) and SiC-50 wt% WC composites (Figure 5.4b). Depth and width of the scars for
composite are almost unchanged up to 30 wt% WC reinforcement. But width and depth notably
increased with further increase of WC content up to 50 wt%.
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Figure 5.4. Scar profiles of (a) SiC ceramics and (b) SiC-50 wt% WC composites worn at 19 N load
and ambient (RT) or 500°C.

Wear volumes of SiC ceramics and SiC-WC composites are shown in Figure 5.5. In ambient
condition, at least two orders of magnitude increase in wear volume from 8.2 X 10 to 2.7 X 10 mm3
is observed with change in load from 6 N to 19 N for SiC ceramics (Figure 5.5a). With increase in
load, increased brittle fracture led to high wear [Cho 1996; Kumar 2011; Gupta 2015]. On the other
hand, wear volume reduces from 2.7 X 10 mm3 to 2.8 X 10* mm? for SiC-WC composites with large
WC content when tested at 19 N load (see Figure 5.5b). It is to note from our previous investigation
that the fracture toughness increased to a maximum with increase in WC content, owing to crack

deflection or bridging [Sharma 2014]. Thus, in reciprocated sliding conditions, the propagation of
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fatigue induced crack is effectively prevented by WC particles to result in minimum wear for SiC-50
wt% WC composites.
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Figure 5.5. Wear volume of (a) SiC ceramics at different sliding loads at ambient temperature (RT)
and (b) SiC-WC composites at 19 N load at RT or 500°C.

In sliding at 500°C, SiC ceramics does not show significant change in wear volume (Figure 5.5b).
This can be attributed to the marginal degradation of strength for SiC ceramics at high temperatures
[Keppeler 1998]. The wear volume decreased from 2.9 X 103 mm?3 for SiC ceramics to 2.0 X 10 mm?3
for SiC-10 wt% WC composites and remains unchanged for SiC-30 wt% WC composite. However, at
least 3.5 times increased wear volume from 2.1 X 10° mm? to 7.6 X 10 mm?® is observed with
increase in WC content from 30 to 50 wt% in SiC ceramics. Such a remarkable change in wear with 50
wt% WC content can be attributed to the change in dominant mechanisms of material removal, which
will be clear in later section.

The wear rate for SiC-WC composites ranges from 1.4 X 10° mm*/N.m to 4.2 X 10° mm3/N.m
with change in reciprocated sliding load, temperature or WC content. The liquid-phase sintered SiC
ceramics are reported to exhibit wear rate as low as 107 mm®/Nm in continuous sliding conditions
[Anderson 1994; Murthy 2004]. The higher range of wear rate obtained for SiC ceramics or SiC-WC
composites in the present study essentially indicates the corollary of retained debris in the contact in

reciprocating sliding conditions.
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5.2.3. Worn surface analysis

Worn surfaces of SiC ceramics and SiC-WC composites were subjected to SEM-EDS analysis to
elucidate the dominant mechanisms of material removal in the investigated reciprocated sliding wear
conditions. Figures 5.6-5.8 show morphology of worn surfaces of SiC ceramics and composites after
sliding at different loads and temperatures. SEM images in Figure 5.6 demonstrate fatigue induced
microcracks (indicated by arrows in Figure 5.6) and smooth surface in SiC ceramics, worn in
reciprocating sliding. With increase in applied load from 6 N to 19 N, fracture of the SiC surfaces is
apparently increased (see Figure 5.6).

A

Figure 5.6. Worn surfaces of SiC ceramics after sliding in ambient conditions at (a) 6 N, (b) 9 N and
(c) 19 N load.
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The SiC-WC composite surfaces worn at 19 N load and ambient temperature are shown in
Figure 5.7. SEM images of worn surfaces in the present study show shear fracture and compaction of
fractured SiC grains. Also, WC particles are pulled-out from the top surface, and those beneath the
surface are intact with the matrix. In general, extent of fracture is reduced due to the presence of WC
particles in SiC ceramics. This indicates increased restriction of crack propagation. The wear volume
data presented in Figure 5.5b is also in agreement with this observation. Thus, during reciprocated
sliding in ambient conditions, SiC-50 wt% WC composite with the highest fracture toughness of 6.7
MPa.m*? exhibited superior wear resistance. Similar observation was also made in previously reported
worn surfaces of cemented carbide in sliding, where WC grains remained well bonded to the matrix
during sliding and reduced grain fracture or particle pull-out [Pirso 2004, Bonny 2010; Muthuraja
2015].
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Figure 5.7. Worn surfaces of (a) SiC- 10wt% WC, (b) SiC- 30wt% WC and (c) SiC-50 wt% WC after

sliding at 19 N at ambient temperature.
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Figure 5.8 shows SEM images of SiC ceramics and SiC-WC composite surfaces worn at 500°C.
Compared with SiC ceramics worn at ambient temperature (Figure 5.6¢), SiC ceramics worn at 500°C
(Figure 5.8a) show rough surface with increased number of fractured grains. This indicates dominant
fracture of softened SiC grains worn at high temperature. With increase in WC content to 30 wt%, the
worn surface exhibits decreased fracture compared to monolithic SiC ceramics.
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Figure 5.8. Worn surfaces of (a) SiC, (b) SiC- 10wt% WC, (c) SiC- 30wt% WC and (d) SiC-50 wt%
WC after sliding at 19 N at 500°C.

In case of SiC-50 wt% WC composites, the surface is severely fractured with increased pull-out of WC

particles. Further, removed WC particles appear as clusters or agglomerates, as compared to pull-out of

individual particles in ambient conditions. Close observation of Figures 5.7c and 5.8d suggests that

W(C particles are extensively pulled-out or fractured from the surface of the composites during wear at
7



500°C. Large extent of WC particle removal further resulted in less constraint to fracture of SiC grains.
Stress concentrations are reported to increase at higher temperature due to mismatch in coefficient of
thermal expansion [Watts 2011]. It is believed that the stress concentrations at defect sites of
agglomerates of WC particles in case of SiC-50wt% WC composites are further enhanced with thermal
stresses generated at the matrix-particle interface, that result in large amount of material loss in high
temperature sliding conditions. SiC-50 wt% WC composites also show highest wear loss after
reciprocating wear at 500°C in the present study (see Figure 5.5b). Thus, addition of 30 wt% WC is
optimum for the SiC ceramics for the less wear in the selected conditions of reciprocated sliding at
500°C.

5.2.4. Debris analysis

Debris particles were carefully collected after each test and subjected to SEM-EDS analysis.
Typical SEM images of debris collected after wear of SiC ceramics and SiC-WC composites at 19 N
load in ambient conditions are shown in Figure 5.9. Debris particles generated from sliding of SiC
ceramics are loose, irregular and small in size (see Figure 5.9a). The debris particles generated from
SiC-WC composites are larger in size with noticeable tendency for cylindrical shapes. The size and
extent of cylindrical shape debris particles are found higher with increased WC content in SiC matrix.
The formation of cylindrical debris is attributed to the combined effect of two facts: reduced grain size
of SiC ceramics with WC reinforcements, and moderately humid atmosphere (55+5% RH) at the
contact. The fine grains in SiC-WC composites are supposed to generate fine debris particles that are
prone to connect with each other and form long cylindrical debris [Zhao 1997; Danyluk 1994; Murthy
2004]. Furthermore, oxygen peaks observed in EDS analysis suggests that cylindrical debris is rich
with silica (see insets in Figure 5.9a and d). Formation of cylindrical debris occurs for silicon-based
materials with formation of hydrated silicon oxide as a result of following reactions with moisture in
humid or moderately humid contacts of sliding [Tomizawa 1985; Zanoria 1991; Dong 1993; Wasche
2004; Zhao 1997]:

SiC + 20, = SiOz + CO; ---- - (5.1)

SiC+2H20 = SiO2 + CHy ---------=-=-m=mmmmmmmmmo (5.2)
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In the present study, oxygen enrichment detected in EDS analysis of cylindrical debris of SiC-WC
composites supports increased tendency for tribooxidation compared to SiC (see inset Figure 5.9a and
d). The formation of cylindrical debris is associated with the reduced friction and wear during sliding
[Tomizawa 1985; Zanoria 1991; Dong 1993; Kumar 2005]. Combining results obtained from analyses
of debris and worn surfaces, both tribochemistry and microcrack induced fracture are believed to play

major roles in sliding wear behavior of SiC-WC composites at ambient reciprocated conditions.

Figure 5.9. SEM images of debris collected after wear of (a) SiC, (b) SiC- 10wt% WC, (C) SiC-
30wt% WC and (d) SiC-50 wt% WC. Sliding load: 19 N and temperature: ambient. EDS analysis for
(a) and (d) are shown as insets in respective images.
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Figure 5.10 shows SEM images of debris collected after sliding wear of SiC-WC composites at
500°C. These images show dry, loose and irregular size debris for all composites. The dry debris at the
contact results in higher friction and wear in high temperature sliding of SiC-WC composites. Reduced
size of debris with increased WC content advocates fracture of fine grains in composites (see 5.10).
Further, EDS analysis (inset in Figure 5.10 d) of collected debris does not show any notable change, as
compared to room temperature. Thus, both debris analysis and worn surface analysis certainly suggests
significant role of microcrack induced fracture in sliding wear behavior of SiC-WC composites in

elevated temperature sliding conditions.

Figure 5.10. SEM images of debris collected after wear of (a) SiC, (b) SiC- 10wt% WC, (C) SiC-
30wt% WC and (d) SiC-50 wt% WC. Sliding load: 19 N and temperature: 500°C.
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5.2.5. Effect of temperature

Friction and wear results of SiC-WC composites in reciprocated sliding wear conditions
proposed a considerable effect of temperature. Compared to room temperature, reciprocated sliding at
high temperature resulted in a high initial friction value (0.7). The friction increased beyond 1.0
throughout the running-in-period for all the composites during 1000 reciprocating cycles. Dry and hard
debris generated at 500°C during wear led to high frictional values. Even being smaller in size, debris
particles generated from wear of SiC-WC composites are not hydrated to connect with each other at
high temperature; thus led to high friction. Softening of SiC grains at high temperature caused high
wear for all the composites as compared to wear at room temperature. With increased WC content to 30
wt%, SiC ceramics exhibited reduced wear loss. Further increase of WC content to 50 wt% led to high
wear loss. The increased tendency for agglomeration with large amount of WC content (indicated by
arrow in Figure 5.8d) offers increased defect sites and generation of severe stresses that led to large

amount of material loss at high temperature.

5.2.6. Effect of WC content

The influence of WC content in wear of SiC ceramics in reciprocating sliding wear condition
can be realized. The addition 50 wt% WC is beneficial in reducing wear of SiC ceramics in sliding at
ambient temperature. This can be attributed to the higher fracture toughness with WC addition. WC
particles do not allow the crack to propagate easily and restrict material loss. On the other hand, wear is
found to increase in sliding at high temperature for SiC-WC composites. The softened matrix and the
stresses generated at the interface of matrix and particles contributed for the increased materials loss in
high temperature sliding. Results obtained in the high temperature sliding point to the fact that the non-
uniformly dispersed WC particle agglomerates/clusters in SiC-50 wit% WC composites provide
additional stress concentration sites to thermal stress sites at the interface and lead to increased

tendency for pull-out or fracture of WC particles.

5.2.7. Effect of mechanical properties
Wear behavior of SiC ceramics is reported to influence by various mechanical properties like
hardness, fracture toughness, elastic modulus etc. SiC ceramics showed variation in fracture toughness

and hardness value with WC particle reinforcement. The SiC-30 wt% WC composite with
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homogeneous dispersion of WC particles exhibits maximum hardness value (26.3 GPa), whereas SiC-
50 wt% WC composite exhibits maximum fracture toughness (6.7 MPa.m*?) due to increased crack
deflection or bridging by a large amount of WC particles. The fact that SiC-50 wt% WC composite in
the present study resulted in minimum wear at ambient temperature campaigns dominant effect of
fracture toughness. On the other hand, the maximum wear resistance for SiC-30 wt% WC composite at

500°C indicates domination of hardness in high temperature sliding conditions.
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wear volume parameter using lateral fracture model (ref. equation 5.4).
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According to a model proposed by Evans and Marshall, the material removed by the formation
and propagation of lateral cracks can be estimated as wear volume (Vs) using the following equation
[Evans 1981]:

P9/8 E 415
Vs = am(ﬁj ll - - - (54)
1c

where P is applied load, E is elastic modulus, H is hardness, Kic is fracture toughness of
composites and « is a material constant. However, experimentally measured wear volume at ambient
temperature in the present study does not show a linear relation with estimated wear. volume (using
equation 5.4) due to contribution from tribochemical wear. On the other side, a linear relation is
observed with wear volume for the investigated ceramics when slid at 500°C (see Figure 5.11)
indicating domination of fracture induced wear. SEM-EDS analysis, discussed in the previous section
also indicates that the material is dominantly removed by fracture and pull-out of SiC-WC composites
worn at 500°C, whereas the analysis of debris generated from wear in ambient sliding conditions
indicates significant contribution from tribo-oxidation. Thus, results obtained in the present
investigation essentially indicate that the lateral fracture model is valid for the wear of SiC-WC

composites obtained at high temperature where mechanical fracture dominates material removal.

5.3. Summary
Hot pressed SiC-WC composites with 0, 10, 30 or 50 wt% WC particle additions were analyzed for
their frictional and wear behavior in reciprocated sliding conditions against SiC balls. The tribological
behavior of SiC ceramics was estimated as function of load: 6, 9 or 19 N load at ambient temperature.
Further effects of (10, 30 or 50 wt %) WC content and temperature (room temperature and 500°C) on
the friction and wear behavior of SiC-WC composites were systematically studied. The following are
major conclusions:
a) With increase in load, reciprocated sliding of SiC ceramics in ambient conditions resulted in
reduction in friction from 0.5 to 0.4, and increase in wear rate from 1.4 X 10° mm%N.m to 1.5 X

10> mmS3/N.m with increased microfracture on the worn surface.
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b)

d)

With increase in WC content from 0 to 50 wt %, the friction in sliding at room temperature and 19
N load decreased from 0.4 to 0.3. The wear rate for SiC ceramics and SiC-WC composites varied
from 1.5 X 10°® mm3/N.m to 4.2 X 10° mm®/N.m with change in reciprocating temperature or WC
content. SiC-30 wt% WC composites exhibited maximum wear resistance at high temperature.
SEM-EDS analysis of worn SiC-WC composts advocated the role of tribochemistry and
microfracture in sliding at ambient temperature, whereas microfracture dominated for the wear at
500°C. Softened SiC grains are responsible for easy fracture and removal of WC particles in sliding
at high temperature. The wear results obtained from high temperature sliding of SiC-WC
composites also validate the lateral fracture model.

The formation of cylindrical debris resulted in less friction and wear for the composites in ambient
sliding conditions. Dry and loose debris generated from elevated temperature sliding exhibited high

friction and wear.
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CHAPTER 6
High Temperature Erosion Wear of SiC-WC Composites

In the present chapter, results obtained from solid particle erosion behaviour of SiC-WC composites
against SiC erodent at high temperature (800°C) are discussed. Particularly, effect of WC content in
SiC matrix and impingement angle of erodent on erosion behaviour of SiC-WC composites are
analyzed. Change in major material degradation mechanisms with WC content or angle of erodent
impingement are also elucidated.

6.1. Background:

Erosion in several structural components such as gas turbine parts, burner parts, cutting tools, and
exhaust or fluidized bed combustion systems leads to heavy loss to industries [10]. Several material
have been investigated for their high temperature strength for different applications [Neuman 2013;
Murthy 2016; Fahrenholtz 2007; Kim 2017]. Erosion behavior of SiC ceramics and their composites at
higher temperature is necessarily required to understand the potential of the ceramics for high
temperature wear applications. Limited literature is available on high temperature erosion behavior of
SiC ceramics and their composites. Generally, incorporation of second phase is made to achieve
improved wear resistance of the SiC based composites compared to monolithic SiC ceramics
[Colclough 1997; Wang 1990; Ding 2014]. Colclough and Yeomans [1997] studied the erosion
behaviour of monolithic SiC and SiC-16 vol% titanium diboride against SiC erodent at elevated
temperatures. They found less erosion rate at room temperature when compared to that at higher
temperature (up to 1000°C) for both monolithic and composite materials. But, the composite exhibited
less erosion rate compared to SiC ceramics in any conditions owing to superior fracture toughness of
composites. Lateral fracture reported as responsible mechanism for material removal. Wang and Levy
[1990] studied the erosion behavior of SiC fiber reinforced SiC composite at 25°C and 850°C and
found an inverse relation of density and hardness to the erosion rate of the composite. The erosion rate
reduced by one order of magnitude at 850°C (0.10 mg/g) compared to that at 25°C (2.20 mg/g), which
attributed to increased ductility, less cracking and chipping of matrix and fibers from composite at
850°C. Similarly in a recent study [Li 2014], solid particle erosion rate of SiC-SisNs composite at
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elevated temperature increased initially up to 800°C, and then decreased with increase in temperature to
1400°C. Wear occurred by brittle fracture where stripping of aggregates of composite resulted in loss of
protection from the matrix in erosion at temperatures up to 800°C. On the other hand, plastic
deformation and oxidation protection dominated above 800°C. Ham et al. [1997] found higher erosion
rate for SiC fibers reinforced calcium aluminosilicate/silicon carbide glass-ceramic matrix composite at
200°C, when compared to erosion at room temperature. However, further rise in erosion temperature
from 200°C to 726°C left no considerable change in erosion rate of composite. They further [Ham
1999] found strong dependency for the erosion rate on velocity of erodent particles (with an exponent
of 2.6), irrespective of fiber orientation with respect to the erodent stream.

In the present part of the study, high temperature erosion behavior of SiC-WC composites is studied to
assess the potential of SiC-WC composites for high temperature applications such as exhaust systems
for the liquid rocket engine turbopumps, aerospace turbine blades, etc. The composites were subjected
to solid particle erosion against SiC erodent at high temperature (800°C) and the effects of WC content
(0 to 50 wt%) and impingement angle of erodent on the erosion wear behavior of SiC ceramics are

studied, and the erosion mechanisms elucidated.

6.2. Results and discussion

6.2.1. Erosion results

Erosion behaviour of dense SiC-WC composites at 800°C is studied against stream of SiC erodent
particles. Figure 6.1 shows erosion rate of the sintered SiC composites as function of WC content and
angle of impingement of erodent. Erosion rate of SiC ceramics varied from 210 mm?3/kg to 770 mm®/kg
with change in WC reinforcement (0, 10, 30 and 50 wt%) and the angle of impingement (30°, 60°, and
90°) at 800°C. Erosion rates for SiC ceramics are reported to vary in the range of 10 mm®kg - 103
mm?kg with varying experimental conditions [Routbort 1980, 1983; Wang 1990; Wang 1995; Kim
1998; Sharma 2014; Li 2014]. Erosion rate increased with higher impingement angle and resulted to a
maximum at normal impact for all the SIC-WC composites. The increased fracture at normal impact
leads to the highest erosion for brittle materials [Hutchings 1992; Basu 2011]. Owing to the highest
hardness of 26 GPa, SiC-30 wt% WC composites exhibited lowest erosion rate at a given angle of
impingement. Further, 50wt% WC reinforcement led to more erosion of SiC ceramics. A minimum

erosion rate of 210 mm®/kg is obtained for SiC-30 wt% WC composites at 30° impingement, while a
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maximum of 700 mm?®kg erosion rate obtained for SiC-50 wt% WC composites at 90° impingement.
This can be attributed to the fact that the elimination of slow crack growth and absorption of energy in
cracking glassy silica phase in dynamic loading conditions result in negligible change in hardness or

fracture toughness of silicon carbide or silicon nitride based ceramics [Li 2014, Wiederhorn 1983; John
1975; Mendiratta 1977].
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Figure 6.1. Erosion rate of SIC-WC composites as function of WC content and impingement angle at
800°C

6.2.2. Worn surface analysis
Worn surfaces of the composites eroded at 800°C and different angles of impingement (30°, 60° or
90°) of SiC erodent were studied in detail to elucidate dominant material removal mechanisms. Typical
SEM images of eroded SiC ceramics after erosion at 30°, 60° and 90° show indentation-induced
fracture and pull-out of grains at higher angles, while compaction of deformed surfaces is observed at
lower angles of erodent impingement (Figure 6.2).
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Fracture is attributed to the intersection of lateral cracks formed due to the multi-impacts and
indentation of irregular shaped SiC particles on brittle SiC ceramics. Similar observations were
reported earlier on high temperature erosion of SiC-SizN4 ceramic composites [Li 2014]. When eroded
by silicon carbide particles, extrusion of silicon nitride phase weaken the matrix and further fracture of
silicon carbide grains were observed as dominant mechanisms of material removal in erosion of SiC-
SiaN4 [Li 2014]. The smooth surfaces were attributed to compacted debris on multi-impacts and rolling
of erodent at lower angles of impingement. EDS analysis of worn surfaces of monolithic SiC ceramics
primarily indicates oxidation of silicon carbide at 800°C (see Figure 6.2d). Formation of glassy silica
phase prevents the surface fracture during erosion at elevated temperatures [Li 2014, Wiederhorn 1983;
John 1975; Mendiratta 1977; Huang 2012; Sharma 2017].

Element Weight% Atomic%

CK 27.11 44.55
OK 791 9.76
AlK 1.16 0.85
SiK 63.83 44.85

Totals 100.00
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Figure 6.2. SEM images of monolithic SiC ceramics worn at 800°C with an impingement angle of (a)
90°, (b) 60° and (c) 30°. EDS results of the surface worn at (d) 90°.
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Figure 6.3. SEM images of SiC-10 wt% WC composites worn at 800°C with an impingement angle of
(a) 90°, (b) 60° and (c) 30°.

Worn surfaces of SiC ceramics containing 10, 30 and 50 wt% WC are shown in Figures 6.3-
6.5. The pull-out of WC particles (bright phase) from eroded surfaces is observed for different angles
of impingement. It is interesting to observe less fracture for SiC-WC composites compared to SiC
ceramics. Further, SiC-30 wt % WC composite showed mild pull-out of WC particles and SiC grain
fracture on erosion at any impingement angle when compared to other composites (see Figure 6.4).
This indicates less damage for the SiC-30 wt% WC composite after erosion. But, with a further
increase in WC content to 50 wt%, the worn surface reveals increased fracture and pull-out of WC
particles from the SiC surface (see Figure 5).
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(a) 90°, (b) 60° and (c) 30°.

High erosion loss in SiC-50 wt% WC composites attributed to easy removal of heavy WC particles
and severe fracture of SiC grains. Figure 6.5d shows EDS analysis of worn surface of SiC-50 wt% WC
composite after erosion at 90° It indicates major presence of Si, W, C, and O. Presence of oxygen
indicates the formation of silica, and/or tungsten oxide during erosion at 800°C. XRD analysis of
eroded SiC-50 wt% WC composite also supports formation of silicon oxide and tungsten oxide (see
Figure 6.6). The less damage observed in the SiC-30 wt% WC composite is due to homogeneously
distributed WC particles in its microstructure when compared to agglomerated WC particles in SiC-50
wt% WC composite. Superior hardness of the SiC-30 wt% WC composite compared to other SiC-WC
composites is also responsible for the lowest wear of the composites.
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Figure 6.5. SEM images of SiC-50 wt% WC composite worn at 800°C with an impingement angle of
(a) 90°, (b) 60° and (c) 30°. (d) EDS results of the surface eroded at 90°.

6.2.3. Influence of impingement angle on erosion behavior

The dominant mechanisms of material removal for the brittle ceramics in solid particle erosion
wear conditions are elastic-plastic deformation based micro-fracture and crack formation below the
plastic zone of subsurface [Colclough 1997; Li 2014; Kim 1998, Routbort 1980a,b; Evans 1977]. With
an increase in the angle of particle impingement, material removal by lateral cracks increases and
reaches a maximum at normal incidence for SiC based ceramics [Colclough 1997; Li 2014; Sharma
2014; Hutchings 1992]. Results in the present work show higher wear of SiC ceramics and SiC-WC
composites at normal incidence (see Figure 6.1). Highest erosion rate of 770 mm?®/Kkg is obtained for
SiC-50 wt% WC composite at normal incidence. Lowest erosion rate of 210 mm?®/kg is obtained for

SiC-30 wt% WC composites at 30° impingement angle. SEM images of eroded surfaces of the SiC-WC
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composites also reveal increased fracture of SiC grains at high angle of impact of SiC erodent at 800°C.
W(C particles are pulled-out in the case of SiC-WC composites. Less fracture and removal of SiC grains
and WC particles are observed at shallow angles. This can be ascribed to the less contribution of Kinetic
energy of erodent particles in indentation fracture of the surface at lower angle. With increasing angle
of impact, the increased normal force leads to increased cracking of grains and higher wear [Li 2014].

SiC-50 wt% WC after erosion at 800°C
A
i * -Sic A -WC
® -sio, V-w,o, Y-WO3

)

c

S

-

©

é

<

=

‘»

c ¢ &

_f]_.g |17

L= *

A *
Oy & A
W v
T M?JWMJ v JLL_?
' T T T T T ' T T T
20 40 60 80 100

20

Figure 6.6. XRD analysis of surface of SiC-50 wt% WC composite after erosion at 800°C.
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6.2.4. Influence of WC content

In the present study, the influence of WC content on high temperature erosion behavior of SiC
ceramics is observed. SiC-10 wt% WC composites showed reduced erosion rate compared to that for
monolithic SiC ceramics at 800°C. With increasing WC content from 0 to 30 wt%, SiC ceramics
showed decrease in erosion rate with reduced fracture at any angle of impingement (comparing Figures
6.2 t0 6.3 & 6.4). SiC-30 wt% WC composites exhibited lowest fracture and wear among the materials
investigated herein. Further, addition of WC upto 50 wi% resulted in agglomeration and easy fracture
or removal of WC particles (see Figure 6.5a). At elevated temperature, fracture of SiC grains and weak
binder phase led to easy removal of weakly bonded agglomerates of WC particles. Easy removal of
heavy WC particles caused high weight loss for the SiC-50 wt% WC composites. Since there was no
restriction to fracture after removal of WC, SiC grains were subjected to easy fracture that led to the
increased wear for SiC-50 wt% WC composites. This is also in agreement with the erosion rate data
provided in Figure 6.1. The homogeneously distributed WC particles throughout the SiC
microstructure are attributed to the reduced fracture of SiC grains in case of SiC-30 wt% WC

composite.

6.2.5. Effect of Mechanical Properties

SiC based ceramics are reported to retain mechanical properties at high temperature upto 1400°C-
1600°C [Kim 2007, 2017; Rixccker 2001]. In the present study, fracture toughness of the monolithic
SiC and SiC-WC composites showed negligible effect on erosion behaviour at 800°C in dynamic
loading conditions. With regards to fracture toughness, SiC ceramics with the lowest fracture toughness
of 5.8 MPa.m'? showed higher erosion rate when compared to SiC-10 wt% WC composites with
fracture toughness of 6.4 MPa.m*?. Furthermore, SiC-30 wt% WC composites possessing intermediate
fracture toughness of 6.5 MPa.m? exhibited minimum erosion rate. But, SiC-50 wt% WC composites
with the highest fracture toughness of 6.7 MPa.m? showed the highest erosion rate at any angle of
impingement. On relating erosion rate with the hardness of composites, it is evident that the SiC-30
wt% WC composites with maximum hardness of 26 GPa exhibited the lowest erosion rate at any
investigated angle of impingement, whereas SiC-50 wt% WC composites with lower hardness of 24

GPa, showed the highest erosion rate at any angle of impingements. Higher hardness of the composite
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caused less fracture by indentation of erodent particles. Therefore it can be said that hardness of the
SiC-WC composites is more influential than fracture toughness on erosion behavior at 800°C.

The erosion loss (E) of brittle target materials against given erodent and testing parameters can

generally be expressed as [Evans 1978]:

In Equation (6.1), A is proportionality constant; Kic and H are fracture toughness and hardness of
the target material, respectively. The exponents given by the quasi-static model are m =0.11 and n = -
1.3, and by the dynamic model m = -0.25 and n = -1.3 [Routbort 1983]. Wiederhorn and Hockey
[1983] used dimensional analysis to fit data obtained for a range of brittle solids with m = 0.48 and n =
-1.9. However, erosion results obtained from the present experimental study are not in agreement with
those obtained using Equation (6.11) for different m and n values. This observation clearly indicates the
fact, which was also mentioned in other reported investigations [Routbort 1983; Wiederhorn 1983;
Wang 1995; Gant 2015], that the important contribution from microstructural features like grain size,
grain, shape, additional phases etc. must be also be considered in the modeling of erosion loss of

ceramic composites.

6.3. Summary

Hot pressed SiC-WC composites with 0, 10, 30 or 50 wt% WC content were subjected to solid
particle erosion at 800°C against SiC erodent. The erosion behavior of SiC-WC composites as function
of WC content and angle (30°, 60° or 90°) of impingement is studied. Further, major material removal
mechanisms in erosion at elevated temperature are elucidated. The following are major conclusions:
a) Erosion rate of SiC-WC composites ranged from 2.1 X 102 mm?3 /kg to 7.7 X 102 mm?®kg with
varying WC content or angle of impingement.
b) The erosion rate of the composites increased with extent of fracture at higher angles of

impingement, and decreased with WC reinforcement up to 30 wt%. Minimum erosion wear rate
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obtained for SiC-30 wt% WC composites at 30° and maximum erosion rate for SiC-50 wt% WC
composites at normal impact.

c) SEM-EDS analysis of worn surfaces revealed grain fracture as dominant material removal
mechanism for SiC ceramics, whereas removal of WC particles from the SiC matrix and subsequent
fracture of SiC grains observed for SiC-WC composites.

d) Extent of fracture reduced with WC content up to 30 wt% in SiC ceramics at lower
impingement angles. Removal of heavy WC particles and severe fracture of SiC grains resulted in

increased material loss for SiC-50 wt% WC composites.
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CHAPTER 7

Subsurface Analysis of Worn SiC-WC Composites

To assess the origin of material removal mechanisms, subsurface beneath the worn region of SiC-WC
composites after dry sliding wear against SiC ball was analyzed and major results are discussed in this
chapter. Focused ion beam (FIB) cross sectioning of worn region of SiC and SiC-50wt% WC
composite was made to investigate the deformation under the worn surface. HR-TEM analysis was

used to explaine the stress induced dislocation and twins in the damaged region.

7.1. Background:

Generally, wear mechanisms of ceramics fall into two categories: wear due to mechanical
processes, such as fracture and/or plastic deformation; and wear due to chemical reactions. In sliding
wear under high contact stress, wear due to the mechanical processes dominates. Correlations between
fracture and wear behavior has been explored in various ways. Earlier few studies were done to
understand the deformation and crack generation/propagation underneath thermally or mechanically
modified surfaces of the brittle ceramics [Elfallagh 2009; Kanematsu 2004; Desa 1999; Zarudi 1996;
Wu 2001, 2003; Hockey 1975]. Elfallagh and Inkson [2009] studied the surface damage and induced
cracks around Vickers indents in soda-lime-silicate glass in 3D by cross-sectioning the indents using a
focused ion beam (FIB). They qualitatively analyzed the location and shape of the crack within a
cluster around indentation and found significant increase in crack density and 3D interconnections with
increase in applied indent load from 50 to 200 g. Kanematsu [2004] studied the sub-surface damage
caused by scratch testing of silicon nitride; with groove like damaged zone and significant variations in
the damage depths underneath the scratched surface being observed with increase in applied load.
Zarudi et al. [1996] observed high dislocation density in large size grained alumina underneath single-
point scratch. They also observed that rhombohedral twins or inhomogeneous distribution of
dislocations led to cracking inside the plastic zone. Wu et al. [2001] studied the sub-surface
deformation of machined Al.O3z and Al20s3-5 vol.% SiC nanocomposite. It was reported that increased

depth of deformed surface underneath the damaged zone of the composites actually reduced the
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dislocation density and/or the number of twins, which in turn resulted in suppression of fracture. In
another comprehensive set of work, Wu et al. [2003] analyzed sub-surface deformation upon
indentation scratch of ceramics and ceramic composites; in which deformation/damage and cracks were
reported to originate in three stages, viz., (i) crack-free compressed zone (up to ~3 pum depth), (ii)
micro-crack zone below compressed zone, and (iii) lateral and median crack zone further deep beneath
the micro-crack zone. These cracks/micro-cracks were observed to extend to the surface, causing
material removal.

All such reports indicate that observation of the sub-surface damage is critical towards understanding
the material removal mechanism taking place during wear of ceramics and ceramic composites.
However, no report is available to-date on the observation/analysis of sub-surface damage of worn SiC-
based ceramics and composites. Considering the superior wear resistance of SiC-based composites,
especially for SiC-WC composites as observed in earlier chapters, the present study focuses for the first
time on detailed observations of the sub-surfaces of monolithic SiC and SiC-50vol.%WC subjected to
dry sliding wear against SiC counter-body at 20 N normal load. For the same, cross-section SEM
observations have been carried out using dual-beam focused ion beam (FIB)/FEG-SEM, along with
TEM (and HRTEM) observations with cross-section samples/lamellae prepared using dual-beam

FIB/FEG-SEM from right below the worn surface (i.e., wear track).

7.2. Results and discussion
7.2.1. Worn surface features
Typical morphologies of worn surfaces of monolithic SiC and SiC-50 wt% WC composite are
shown in Figure 7.1. Overall, the worn surfaces show grooving, mechanical and abrasion as
dominant wear mechanisms for both the materials. Macrocracks could also be observed on the worn
surfaces (indicated by arrows in Figures 7.1c and d), which appear to be relatively suppressed in the
presence of WC. It is not unlikely that such cracking may have origin from sub-surface wear

damages, as will be presented in the following.
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Figure 7.1. SEM images of worn surfaces of monolithic (a and c) SiC and (b and d) SiC-50 wt.%
WC composite.

7.2.2. SEM observations of the sub-surface damages and inferences

Cross-section SEM  micrographs (as obtained with the dual beam FIB/FEG-SEM)
corresponding to the regions underneath the unworn (but polished) surfaces present no evidence for
any deformation/damage for both the materials under consideration (i.e., monolithic SiC and SiC-50
wt.% WC) (see Figure 7.2). By contrast, considerable residual damage could be seen underneath the
worn regions (i.e., below the wear tracks), as presented in Figure 7.3. For both monolithic SiC and
SiC-50 wt.% WC composites, two regions, at different depths from the worn surfaces could be
demarcated in the cross-sectional SEM images; with them being more prominent for the SiC, sans
WC.
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Figure 7.2. Cross-sectional SEM images obtained using dual-beam FIB/FEG-SEM from the unworn
regions of (a) SiC, and (b) SiC-50 wt.% WC composite.
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Figure 7.3. High magnification cross-section SEM images underneath the worn surfaces of (a and c)
monolithic SiC and (b & d) SiC-50 wt.% WC composite.
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Even though, it is not possible to state with certainty just based on SEM observations, the
regions immediately below worn surfaces are possibly sub-surface deformation zones; more insights
into which will be presented based on the TEM observations in the following sub-sections. In a
point contact, stress field is known to result in sub-surface plastic deformation in ceramic materials
[Lawn 1981; Hilton 2013; Bian 2015]; with such multiple (dynamic) point contacts taking place
during the present dry sliding wear tests. More importantly, the observations indicate that the
thickness of such deformed region is considerably greater in the case of monolithic SiC (~1 pum),
compared to that in the SiC-50 wt% WC composite (~300 nm) (see Figure 7.3). Below the
deformed regions, the presence of median and lateral cracks could be observed (Figures 7.3c and
d). Such cracks were observed to get bridged and deflected by the WC grains in the case of the
composites; with nearly no crack being observed to penetrate considerably through the WC (see
Figure 7.3d). Such crack bridging was observed also on the fractured surfaces, as reported in ref.
[Sharma 2014].

Closer observation of the cross-section images indicate the presence of microcracks below the worn
surface (starting in the deformation zone itself) till up to ~2 um depth in the case of monolithic SiC.
Microcracking is expected where the stress field starts to be dominated by tensile components.
Directional stress concentrations due to difficulties in initiation of enough independent slip systems
and accommodating shape change primarily lead to the nucleation of cracks, even in the case of
ceramic materials [Bajwa 2005, Mukhopadhyay 2011]. However, such sub-surface micro-cracking
appeared to have been considerably suppressed in the presence of WC.

Accordingly, the sub-surface damage/features underneath the work surfaces of monolithic SiC and
SiC-50 wt.% WC composite can be described in terms of two regions; viz., a plastically deformed
region immediately below the worn surface, also containing some micro-cracks (considerably
suppressed in terms of layer thickness and micro-cracking in the presence of WC), followed by a
zone comprising of extensive lateral and median cracking underneath (again, cracking suppressed by
W(C grains). Schematic illustration for the same is shown in Figure 7.4. Such observations suggest
that the lateral cracks propagate and get connected to the surface (possibly via the micro-cracks),
leading to the wear damage. WC particles in SiC-WC composite restricting the propagation of such

cracks. The first region underneath the worn surface of SiC-50 wt.% WC composite has been
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carefully observed in TEM in order to better understand the aspects related to deformation and

micro-cracking.

Plastically  Brittle fracture _ Plastically Brittle fractured grains
deformed layer / \fractured grains deformed layer Fractured particle

-~ = =
WC
. particles
Lateral crack -Median crack Lateral crack - Median crack
SiC SiC-50 wt% WC

Figure 7.4. Schematic illustration of wear mechanisms during sliding wear of monolithic SiC
ceramics and SiC-50 wt% WC composite.

7.2.3. Cross-sectional TEM observations
7.2.3.1. Microstructure and interfacial characteristics

Figure 7.5 shows the selected region of worn SiC-50 wt% WC composites from where lamella
for the TEM sample was took-off and prepared TEM sample.
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Figure 7.5. (a) Worn region of SiC-50 wt.% WC composite from where the cross-section TEM-
lamella (as shown in b) has been prepared using the Omni probe nano-manipulator inside dual-beam
FIB/FEG-SEM.
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Figure 7.6. (a) BF and (b) STEM image of SiC-50 wt% WC composite. (c) & (d) EDS mapping
indicating the presence of WC particle.

Representative bright field (BF) and STEM images, along with EDS mapping of SiC-50 wt%
WC composite, are shown in Figure 7.6. EDS mapping confirms that the grains appearing brighter
in contrast in Figure 7.6b are those of WC. HRTEM images obtained at the SiC/WC interfaces

(Figure 7.7a) show the absence of any amorphous phase at the interfaces and indicates good
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bonding at the atomic level between SiC and WC. This presumably forces most of the cracks to
propagate through the SiC grain (rather than along the interface). This is likely to be one of the
factors responsible for the dominant fracture mode being transgranular in case of the SiC-WC

composites.

Figure 7.7. (a) BF-TEM images of SiC-50 wt% WC composite subsurface and (b) HR-TEM image
of interface of SiC and WC. IFT images of zone (1), (2) and (3) are shown in (c), (d), and (e)

respectively.
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The atomic arrangements, as inferred based on the inverse Fourier transformed (IFT) images for
SiC confirm the hexagonal structure with inter-planar spacing of 2.478 A for the (103) plane (see
Figure 7.7b). The IFT images for the interface also indicate crystalline nature (as mentioned above),
but with distorted atomic arrangements (see Figure 7.7c). The IFT images corresponding to WC
also indicate hexagonal structure with inter planar spacing of 2.458 A for the (222) plane (see
Figure 7.7d). The selected-are diffraction patterns (SADPS), as obtained from the respective phases

(see Figures 7.8), also re-confirm the above.

5 1/nm B=[0111)]

WC particle

Figure 7.8. (a) High magnification BF-TEM image of subsurface of SiC-50 wt% WC composite
after sliding wear. (b, ¢) diffraction patterns (SADPs) of SiC and WC particle respectively.
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7.2.3.2. Observation of plastic deformation zone under the worn region
Typical BF-TEM images (in Figure 7.9), as obtained from the deformed regions underneath the
worn surface of the SiC-50 wt.% WC composite, show deformed phases and interfaces. TEM

images show extensive dislocation activity, twinning and also microcracking in the SiC phase.

T S e e 1

o)

Figure 7.9. (a) High magnification BF-TEM image of subsurface of SiC-50 wt% WC composite

after sliding wear. (b) Lens-shaped twins in SiC grains.

The residual dislocations observed in the SiC grains (with very low stacking fault energy [Maeda
1988; Hong 2000; Iwata 2003]) are likely to have been caused by the mechanical stresses associated
with the interactive sliding under normal load. In addition to dislocation activity, TEM images
indicate that more dominant deformation mode has been that of twinning, with the typical lens-
shaped deformation twins being present in nearly all the SiC grains. The ‘twin-spots’ identified in
the SADP corresponding to the SiC phase also indicate the presence of twins (see Figure 7.8). This
is not unexpected since less number of slip systems available in the typical hcp structure of SiC
ceramics is known to promote twinning as the dominant mode of deformation. It must be mentioned
here that presence of dislocations and deformation twins in sub-surfaces underneath indentations,

scratches and worn surfaces of alumina, SiC and zirconia based ceramics was attributed to the
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associated stress fields [Zarudi 1996; Wu 2001, 2003; Hockey 1975; Mukhopadhyay 2011; Hockey
1978; Canneto 2016], followed by median/radial cracking (as also observed in this case; see Figures
7.4 and 7.5).

Figure 7.10. (a) HR-TEM image of twin, (b, c and d) IFT image of zone 1, 2 and 3 respectively.
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In order to get more fundamental insights into the deformation twins in SiC, some of them were
further analyzed by capturing HRTEM images, as shown in Figure 7.10. Zones (1) and (3) in
Figure 7.10a are twinned zones, whereas zone (2) is the twin boundary. The atomic arrangements in
the twinned zones (1) and (3) conform to rhombohedral structure with inter-planar spacing of 2.54 A
for the {1110} plane. The further zoomed-in IFT images of the twin boundary (zone (2)) show
distorted atomic arrangements conforming to cubic structure and {111} plane. Such observations
agree with the transformation of parent hexagonal structure to rhombohedral and cubic structures
due to thermal or mechanical deformation [Kackell 1999; Pirouz 1993; Jayaseelan 2011].
Dislocation mechanism is responsible for the deformation induced polytypic transformation of SiC
ceramics [Pirouz 1993]. Also, energy barriers for 6H—>3C are reported to make the dislocation
mechanism highly favorable for polytypic transformations in SiC ceramics [Pirouz 1993]. In the
present study, dislocations induced polytypic transformation is believed to result from the
compressive stresses generated during sliding. However, no such deformation sub-structure could be
seen in the WC grains.

In this context, it is also not unlikely that the stresses at the tips of the piled-up dislocations and
twins played some role towards the generation of the sub-surface cracks/micro-cracks in SiC and
SiC/SiC interfaces, but which in turn got suppressed in the presence of the second phase particles (in
the present case, WC) and accordingly contributed towards improving the wear resistance. Such
phenomena was also reported earlier in the cases of Al,Os (again, having hcp structure) and also
MgO-based ceramics-composites/alloys [Zarudi 1996, Wu 2001, Mukhopadhyay 2011, Merino
2005, Gurnani 2006]. Such insights based on the TEM observations also agree very well with the
observations based on the cross-section SEM images (as presented earlier in sub-section 3.2 and
Figs. 7.2 and 7.3).

The present study necessarily reveal the deformation and microcracking zones beneath the worn
surfaces of SiC ceramics in sliding wear and beneficial role of WC in stopping crack propagation.
Also, stress induced dislocation/twins networks are noted in SiC grains, whereas no such

deformation signature found in WC grains.
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7.3. Summary
The sub-surface regions underneath worn surfaces (after sliding wear under 20 N load) of
monolithic SiC and SiC-50 wt.% WC composite were investigated in cross-section mode using
dual-beam FIB/FEG-SEM and TEM (including HR-TEM). In more specific terms, the major
observations and inferences can be summarized, as in the following.

(@) Cross-sectional FIB/SEM images indicate that the deformation zones underneath the worn surfaces
are larger (~1 pm depth) for monolithic SiC, as compared to SiC-50 wt.% WC composite (~300 nm
depth).

(b) Microcracks are observed in the deformation zone, that extend up to depth of ~2 um downwards in
the case of monolithic SiC, eventually connecting with the lateral and radial cracks, thus leading to
material removal.

(c) The WC grains (atomically bonded to SiC grains, without any interfacial amorphous phase) are
observed to suppress such crack propagation by bridging and deflection in the case of the SiC-WC
composite; thus contributing partly in this way towards the considerably reduced rate of material
removal during sliding wear.

(d) The deformation zone is observed to be comprised of extensive dislocation and twin networks, along
with microcracks in the SiC grains. By contrast, no such deformation substructure could be seen in
the WC grains, which also appeared to block the dislocations/twins at the interface from further
propagation. This is also expected to have partly contributed towards suppression of microcrack
formation (due to stress build-up at the tip of dislocations/twins) and accordingly the improvement

in wear resistance upon incorporation of WC in SiC.
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CHAPTER 8

Conclusions and future scope

8.1. Conclusions

The major aim of the present investigation is to investigate the tribological potential of SiC-WC
composites in different tribological conditions. In particular, influence of composition (microstructure),
mechanical properties on tribological behaviour of the SiC-WC composites is studied. Hot pressed SiC
ceramic composites prepared with varying WC content (0 to 50 wt %) were investigated in continuous
sliding, reciprocated sliding and solid particle erosion wear conditions. The major part of this thesis
work is aimed to elucidate the material removal mechanisms of SiC-WC composites in the given wear
conditions. In addition, surface beneath the worn region is analyzed for their post-wear morphology to
understand the origin of contact surface fracture during sliding wear. The total research is broadly
divided into four major parts. Salient results obtained from each experimental part is provided

herewith.

In Chapter 4, the effect of load (5 N, 10 N and 20 N) on friction and wear behavior of SiC
ceramics is discussed in unlubricated continuous sliding wear conditions. Further, effects of WC
content in the composites and counterbody (SiC, WC and steel) materials on tribological behavior
during sliding wear are particularly discussed. This is followed by the study of major material removal
mechanisms in different sliding conditions. Results demonstrated that the COF is independent of the
counterpart material hardness. Highest average steady state COF of 0.66 against WC-Co ball and
lowest of 0.34 against steel are recorded. However, wear volume of SiC-WC composites is dependent
on hardness of the counterbody ball. With increase in WC content from 0 to 50 wt%, wear volume
decreased against any ball. SIC-WC composites exhibited maximum wear resistance with 50 wt% WC
content. Change in dominant wear mechanisms observed with type of counterbody. Mechanical
fracture was dominant on worn SiC-WC composites against SiC counterbody, while worn surfaces of
composites revealed tribochemistry with increased WC content against WC-Co or steel counterbody.

Considering highest wear obtained against SiC ball in the previous chapter, tribological
behaviour of the composites in reciprocated sliding wear conditions against SiC ball is studied in
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Chapter 5. Tribological behaviour of the SiC-WC composites is discussed as function of (10-50 wt%)
W(C content and temperature (ambient and 500°C). Results obtained from this study demonstrated that
the coefficient of friction decreased from 0.4 to 0.3 with WC content at room temperature. SiC-50 wt%
WC composites exhibited highest wear resistance during reciprocated sliding at ambient temperature.
However, SiC-30 wt% WC composites exhibited maximum wear resistance at high temperature. Effect
of high humidity (55£5% RH) (compare to (40 £10% RH) in continuous sliding study) is also notable
in domination of responsible mechanism of material removal. Worn surface analysis indicated
tribochemistry as major material removal mechanism for sliding in ambient conditions, whereas
microfracture dominated at 500°C. Wear results obtained at high temperature are consistent with the
lateral fracture model for wear volume estimation.

In the Chapter 6, high temperature (800°C) erosion response of SiC-WC composites against
SiC erodent particle is provided. Effects of WC content and angle of impingement of SiC erodent on
erosion behaviour of SiC-WC composites are highlighted. Changes in material removal mechanisms
with varying erosion test parameters and WC content in the composites are explained. Results obtained
from this study demonstrated that the erosion rate of the composites increased with increasing the
impingement angle from 30° to 90° and decreased with WC content up to 30 wt%. Minimum and
maximum erosion wear rates were respectively obtained for SiC-30 wt% WC composites at 30° and for
SiC-50 wt% WC composites at normal impact. Grain fracture and pull-out were found as major
mechanisms of material removal for the composites. Decreased angle of impingement led to reduced
grain fracture and pull-out and hence reduction in material removal. Owing to increased fracture
toughness with incorporation of WC particles, the composites showed less fracture and removal of WC
particles up to 30 wt%. Weak upholding of WC particles and severe fracture of SiC grains at normal
impact led to large amount of material loss for SiC-50 wt% WC composites.

In Chapter 7, surface beneath the worn region is critically analyzed to evaluate the origin of
material removal mechanisms after sliding wear. In monolithic SiC ceramics, significant damage of ~ 1
pum thickness is observed beneath the worn region, whereas plastically deformed region beneath the
worn region limited to ~ 300 nm in the SiC-50 wt% WC composite. Beneath the damaged region,
microcracks are initiated and extended up to ~2 pum downwards the worn surface for SiC ceramics;
eventually leading to material removal. Deformation zones consisting of extensive dislocation and twin

networks in SiC grains are observed immediately below the worn surface; followed by
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lateral/radial/median cracks. WC grains not only stop the twins/dislocation networks at the SiC/WC
interfaces, but also considerably restrict the crack propagation by deflection/bridging in the SiC-WC
composites.

The outcome of the present research can be realized in terms of: (i) Optimum composition of
SiC-WC composites for superior performance in given wear conditions. (ii) Physics of material
degradation mechanisms of SiC-WC composites as function of composition and wear test parameters.
Results obtained strongly indicate that SiC ceramics prepared with 50 wt% WC content is optimum for
room temperature sliding wear applications, whereas SiC ceramics prepared with 30 wt% WC content
Is recommended for high temperature sliding wear and high temperature erosion wear applications.
The major material degradation mechanism of SiC-WC composites in continuous sliding wear
condition is changed from mechanical fracture against SiC ball to tribochemistry against WC-Co or
steel ball. In reciprocated sliding, composites reveled tribochemistry as major material removal
mechanism in ambient temperature, while mechanical fracture dominated during sliding at 500°C. Pull-
out of WC particle and subsequent SiC grains fracture dominated in wear for SIC-WC composites
during high temperature solid particle erosion conditions. Extent of fracture and pull-out reduced at
lower angle of SiC erodent impingements. Present thesis demonstrated the presence of stress induced
dislocations and twins underneath the sliding wear surface of SiC-WC composite. WC particle restrict
the propagation of surface or subsurface cracks and contributed towards wear of the materials.
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8.2. Scope for future work

e In the present work, effects of load, WC content, counterbody and temperature on tribological
behaviour are understood in unlubricated sliding wear conditions, while the study can be extended for
the effect of other parameters like speed humidity etc.

e Similarly, effect of test parameters and materials (WC content) on friction and wear properties in
water or oil lubricated sliding wear conditions can be studied.

e The erosion wear can be further studied to understand the effect of velocity of particle
impingement and type of erodent particles in high temperature erosion conditions.

e The potential of the newly developed SiC-WC composites can be further assessed by the studying
the behaviour in other wear modes like cavitation, fretting etc.

e Further, results obtained in experimental wear study can be used to propose analytical models for
the estimation of material loss in given wear conditions.

e A study on the subsurface analysis and generation of stress induced dislocation and twins as
function of WC content in SiC ceramics and test parameters in given wear conditions is strongly
recommended.

e Also, dense SiC-WC composites can be prepared via different advanced technique like spark
plasma sintering (SPS) to realize the difference in densification, and subsequent mechanical and wear
properties.

e Results obtained in the present study demonstrate the effect of microstructure by the variations of
WC contents on tribological behaviour. The composites can be subjected to carefully designed heat
treatment in controlled atmospheres to provide significant change in microstructural features such as
grain size, grain shape, size distribution etc. and the effect on tribology can be studied to find the

optimum composition for the superior performance in given wear conditions.
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