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ABSTRACT

Highly densified SiC composites were prepared with 10, 20 or 30 wt% TaC
addition by spark plasma sintering of SiC and TaC powders at 1800°C at 55 MPa for
5min in Ar atmosphere. The sintered ceramic composites were subjected to erosion by
a stream of silicon carbide particles (45-75 um particle size) impinging at normal
angle of incidence at a mass flow rate of 3 g/min and impact velocity of 50m/s at
ambient and 400°C using a high temperature erosion tester. Microstructures of the
sintered composites consisted mostly of equiaxed grains. Fracture surfaces show
mixed mode of fracture, with the large extent of transgranular fracture observed in
SiC ceramics containing 10 wt% TaC. With increase in TaC content, micro hardness
decreased from 26 to 23 GPa and fracture toughness slightly increased from 3.48 to
3.85 MPa.m"2. Eroded surface of the composites showed fracture, and pull-out of SiC
grains and TaC particles. Erosion rate of the composites varied from 53 mm?®kg to
166 mm®/kg for 90°, with minimum erosion rate observed for SiC ceramics
containing 30 wt% TaC.
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CHAPTER 1
INTRODUCTION

Among structural ceramics, silicon carbide is preferred for cutting tools, ball
bearings, seals, sleeves, cylinder liners, dies, and heat exchanger tubes. This is due to
the unique combination of high stiffness, strength, high hardness and resistance to
wear or corrosion [1-3]. The tribological potential for SiC ceramics has been
considerably studied in sliding or erosion conditions.

In sliding conditions, the wear rates vary in the order of 107 - 10° mm%N-m
and coefficient of friction (COF) from 0.2 to 0.8, while [4-7]. The behaviour of SiC
ceramics is complicated and mechanisms such as ploughing, deformation, fracture,
tribochemical wear are used to assess the extent of damage [4-11]. The effect of
sliding, environment or material chemistry are studied for SiC ceramics, whereas the
microstructural influence on wear properties is not considerably understood. Cho et
al. [10] and Lopez et al. [11-13] reported decrease in wear resistance when sliding
load, grain coarsening or intergranular phase content are increased in paraffin oil
lubricated sliding tests. Kumar et al. [14] recently identified superior wear resistance
for the SiC ceramics prepared with small amount (3 wt%) of AIN-SC,0; additives
that consists of duplex microstructure of elongated and fine equi-axed grains with
clean grain boundary. The microstructural features were found to affect the erosion
wear of SiC ceramics significantly [15-17]. Erosion causes major loss of material in
several structural applications for example cutting tools, burner parts and parts of gas
turbine and several other parts. The solid particle erosion of SiC ceramics and SiC-
TiB, composites is reported to exhibit anomalous angle or particle size dependence
[18, 19]. While brittle fracture occurs via lateral cracking, the contribution of
plasticity is also reported to be significant for the erosion of SiC ceramics and their
composites [15, 19, 20].

In order to further improve resistance against wear, new ceramic materials
with desired combination of properties are to be developed for their extended use in

structural applications. Among other approaches, addition of proper material is a
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promising one to achieve considerable improvement in properties of SiC ceramics.
For instance, SisN4 [21] addition increases strength, and TiC [22] or TiB, [19]
addition improves fracture toughness of SiC ceramics. In this regard, the
incorporation of TaC in SiC can be attractive. It is well known that SiC has higher
hardness (2700 kg/mm?) and oxidation resistance, whereas TaC has high elastic
modulus (480 GPa) and high temperature strength [23]. Thus, the composite of SiC-
TaC is expected to exhibit improved properties in wear conditions. However,
processing and characterization of SiC-TaC composites is difficult and hardly

reported.

Yongdong et al. [24] prepared C/SiC—TaC composites by powder infiltration
(P1) combined with chemical vapor infiltration. During ablation testing using
oxyacetylene torch, TaC oxidized to Ta,Os and the liquid obstructed the diffusing
ablative flame channels by filling pores, cracks or interspaces in the matrix.

Sintering of ceramics is generally difficult due to strong covalent or ionic
bonding, high melting points and low diffusion coefficient. Silicon carbide ceramics
are liquid-phase sintered using variety of sintering additives: Al-B-C, oxides, AIN-
oxides to obtain engineered microstructure and improved mechanical properties [25-
29]. Spark Plasma Sintering (SPS) is an effective consolidation technique for metallic
or ceramic powders at lower temperature and shorter times. SPS is a pressure
sintering technique which is based on the high temperature plasma generated by the
discharge phenomenon known as electric spark. A low voltage and high energy
pulsed current produces spark plasma in the gap between powder particles at high
temperatures. The large current produces Spark Plasma: Evaporation and melting of
powders; Spark Impact Pressure: Eleminates the impurities and adsorptive gas of
powder particles which is on the surface; Joule heating: Local high temperature is
generated momentarily which is about several to ten thousands degree centigrade;
Electrical field diffusion: high speed diffusion takes place which is occured due to the
high speed of moving of ions. SPS has been attractive because of short sintering
duration (few minutes) compared to long duration (hours) in conventional sintering.
The other advantage in SPS is the less temperatures (usually 200-300°C less than
conventional sintering) required for densification [30, 31]. Commercially available Ta
and TaC were used to prepare 96% dense tantalum carbide (TaCqg) by SPS at 1400°C

for 5 min. The microstructure consisted of equiaxed grains and the ceramic showed a
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maximum flexural strength of 498 MPa [32]. In other work, the addition of at least 20
vol% SiC was found effective in eliminating closed pores to yield full density by SPS
at 1800°C for 5 min. TaC grain size decreased with increase in SiC concentration. The
TaC- 40 vol.% SiC composite exhibited the maximum highest flexure strength of 703

MPa and maximum fracture toughness of 6.8 MPa mY/? [33].

SiC ceramics are generally sintered at around 2200°C for a holding time of 2-3
hours in conventional sintering, while in spark plasma sintering, SiC ceramics can be
sintered at temperatures less than 2000°C for a holding time of 10-15 minutes [30] . It
was reported that the addition of small amount of sintering additives results in

improved sinterability and strength of SiC ceramics [34].

To the best of my knowledge, tribological properties of SiC-TaC composites
have not been investigated. In this context, SiC composites with TaC: 10 to 30 wt%
were prepared via spark plasma sintering. Owing to the expected use of these novel
composites in applications like ball bearings, nozzles, heat exchanger tubes, etc. their
performance potential under erosion wear conditions will be systematically

investigated.
The major aim / objectives are the following:

1. To fabrication of dense SiC-TaC composites (10, 20 or 30 wt%) by spark
plasma sintering

2. To study solid particle erosion of the SiC-TaC composites at ambient to
high temperature erosion conditions

3. To understand dominant mechanisms of material removal in erosive wear

conditions as function of TaC content.
The above objectives are envisaged by systematic experimental work and analysis of
results. The following explains arrangement of various topics of the thesis.

Chapter 2 deals with review of recent research on sintering of SiC ceramics and its
composites. The other part of the chapter also deals with the erosion behaviour of SiC

ceramics and composites.
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The experimental work consisting of spark plasma sintering of SiC-TaC composites
and details of SiC particle erosion in ambient and high temperature conditions are

explained in Chapter 3.

The results obtained in sintering and erosion testing are provided in Chapter 4. A
detailed discussion of the experimental results and characterisation are also provided.

The major conclusions obtained from the thesis work and scope for the future work is
highlighted in Chapter 5.
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CHAPTER 2
LITERATURE REVIEW

2.1 SiC Ceramic

The crystal structure of SiC is tetrahedral having strong bonds of carbon and
silicon atoms. SiC is unreactive to acidic and alkaline salts up to 800°C [35]. SiC
unique properties of low density, high hardness, high strength, high thermal
conductivity, abrasion resistance, and resistance to corrosion makes it suitable for
tiles; pump parts and refractory bricks, for heat exchangers in power generation and as

armour material in military sector.

2.2 Chemical Bonding and Crystal structure

Silicon carbide is a lightweight covalently bonded ceramic having strong
covalent and ionic bond. 3.210 g/cm® and 3.208 g/cm?® are the theoretical density of p-
SiC and a-SiC (6H polytype) respectively. 3C, 4H, 6H, 15R and 9T are the SiC
polytypes crystal structures where for cubic (C), hexagonal (H), rhomohedral (R) and
tetrahedron (T). Zinc blend and wurtzite structure are found for f-SiC and a-SiC.

Fig. 2.1 shows zinc blend and wurtzite structure of SiC. B-SiC to a-SiC
transformation takes place on heating SiC. Above 2000°C undoped B-SiC transforms
to 6H and 15R in which 15 R is a metastable phase. Generally B-SiC is formed as zinc
blend structure at temperature less than 1700°C. At a temperature more than 1700°C,

a-SiC is formed as hexagonal structure. [36]

Fig. 2.1 SiC Crystal Structures: (a) Zinc blend structure for B-SiC and (b) wurtzite
structure for 6H a-SiC [36].
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2.3 Properties of silicon carbide:

Silicon carbide has superior properties like low density, high strength, low
coefficient of thermal expansion, high hardness, high thermal conductivity, high
elastic modulus and excellent thermal shock resistance. The various properties of

silicon carbide are given in Table 2.1[37]

Table 2.1. Properties of silicon carbide ceramics [37]

Physical Units SI/Metric
Density g/cc 3.21
Hardness Kg/mm?® 2800
Compressive Strength MPa 3900
Elastic Modulus GPa 410
Flexural Strength MPa 550
Fracture Toughness Kjc MPam®? 4.6
Poisson s Ratio - 0.14
Melting Point °C 2780
Maximum Use °C 1650
Temperature (No Load)
Thermal Conductivity W/m-K 120
Coefficient of Thermal 10°/°C 4.0
Expansion
Specific Heat JIKg-K 750
Volume Resistivity Ohm*cm 10%-10°

2.4 Applications of silicon carbide

Silicon carbide has wide range of applications due to its good properties.
Typical uses of SiC included abrasives, refractories, ceramics, and numerous high-
performance components. Structural and wear applications are constantly developing
eg. cutting tools, ball bearings, seals, sleeves, cylinder liners, dies, and heat exchanger
tubes.[38]
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24.1  As Abrasive:

It is widely used as abrasive because of its hardness and low cost. It is used
on grinders, emery papers and as abrasive material in water jet cutting and wear
testing.

2.4.2  Ball bearings and Seal-ring

Silicon Carbide is also used in ball bearings and seal rings due to its
combination of favourable properties like high hardness, high elastic modulus and low
density, low coefficient of thermal expansion, higher chemical corrosion resistance

especially for high speed bearings.

Fig. 2.2 (a) Ball bearing (b) Seal-ring [39].

24.3 Cutting-Tool Application

SiC combined with other carbide combination found suitable for cutting-
tools as they have high hardness, high strength, and high wear resistance. Fig.2.3 a.
and 2.3 b shows the Al,03-SiCw and steel cutting-tools respectively. These are cost
effective for difficult-to-machine metals. For turbines in aerospace applications Ni-

based super alloys are preferred.
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Fig. 2.3 Applications of Al,03-SiC,, composites: (a) cutting-tool inserts, (b) insert

(marked with arrow) machining hardened tool steel [38].

2.4.4  As constructional material:

Silicon carbide has many applications in defence. Many components like bullet proof
vests (Fig. 2.4), Cobham armour which is used to protect main battle tanks and dragon
skin are prepared by using silicon carbide. [39]

Fig. 2.4 Bullet proof vests [39].
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Silicon carbide is widely used in automobiles. Automobile parts like brakes and

clutches plates (Fig. 2.5) and diesel filters.

Fig. 2.5 Disc brake and clutch plate made of silicon carbide [39].

2.4.5 Biomedical applications of SiC
Silicon carbides processed materials are used in biomedical applications as in

membranes, stents, orthopaedic implant etc [38].

2.5 SiC ceramics and their composites

2.5.1 Effect of SizN4

Yeom et al. [40] studied the properties of SiC-SizN4 composites sintered with
yttria and Scandia. They have found that the fracture toughness increased while
thermal conductivity decreased with increasing silicon nitride content from 0 to 35

vol. %.
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Fig. 2.6 Typical microstructures of monolithic SiC and SiC-Si3N4 composites sintered
with 2 vol% Y,03-Sc,03: (a) SiC, (b) SiC-1 vol% Si3N4 (C) SiC-10 vol% Si3N4, and
(d) SiC-35 vol% SisN,4 [39].

Also they found that electrical resistivity also decreased with increasing silicon nitride
content from 0 to 10vol. %. They have added the yttria and Scandia for increasing

electrical conductivity by making effective doping of nitrogen in SiC grains.

2.5.2 Effect of Alumina

Unlu et al. [34] reported the effect of alumina on the spark plasma sintering of
SiC ceramics. SiC ceramics were prepared with the addition of alumina as sintering
additive by spark plasma sintering at different temperatures 1700-1800°C applying 40
and 80 MPa pressure. The effect of alumina, temperature and pressure on the
mechanical properties and densification behaviour was observed. They have found
that with the increase in temperature and pressure leads to increase in relative density,
hardness and fracture toughness. The addition of 5 vol. % Al,O3 shows that the
relative density increased from 87.2% to 97.7% and hardness increased from 10.2 to
26.8 GPa. The fracture toughness was also higher for 5 vol. % addition Al,Os.

10|Page



Table 2.2. Relative density, Vickers hardness and fracture toughness values of the

SiC ceramics with Al,O3

Samples SPS parameters Relative Vickers Fracture
[°C, MPa, min.] | density [%] | hardness [GPa] toughness
[MPa*m'/4]
SiC+5vol.% 1700, 40, 5 97.7 26.4 46+0.2
Al,O3
1800, 40 ,5 97.8 26.9 58+05
1700, 80, 5 97.5 26.2 57+0.2
1800, 80, 5 98.3 28.9 59+0.2
Monolithic SiC 1800, 40, 5 87.2 10.2 -
1950, 80, 5 99.7 31.9 3.6+0.3
253 Effect of AIN

Zhang et al. [41] studied the effect of AIN on thermal conductivity of SiC

ceramics. They have prepared SiC ceramics with 0.5-10 vol. % additions with two

step sintering, B4C and C as additives. They have investigated that thermal

conductivity decreased with increasing AIN content. Thermal conductivity is

decreased due to the point defect scattering by the difference in inter atomic forces

and the size of atoms.
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Fig. 2.7 Effect of AIN content on (a) Relative density and apparent porosity, (b)

thermal conductivity in SiC ceramics [40].
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When AIN was added in the SiC ceramics, exist two situations:
(1) Al and N atoms diffuse into the host lattice and replace C and Si atoms
respectively.
(2) AIN exists as a secondary phase in SiC ceramics. These two effects lead to the

reduced of thermal conductivity.

2.5.4  Effect of h-BN addition

Motealleh et al. [42] investigated the effect of flaky hexagonal (h) BN
additions (1, 5, and 10 vol.%) on the sliding-wear behaviour of sintered SiC
composites which are made by spark-plasma sintering. They found that hardness is
decreased due to that h-BN is softer than SiC while fracture toughness improved with
the addition of h-BN content.

2.5.5 Effect of Boron carbide in SiC composites

Maitre et al. [43] have found that free boron plus free carbon additions in SiC
leads to higher densification with absence of any abnormal grain growth. It is also
seen that pure SiC density is not marginally increased with addition of boron carbide

processed via SPS.

A 3 ~3

Fig. 2.8 SEM micrographs of fracture surface of SiC ceramics with addition of B,C as
additive : (a) sintered at 1800 °C; (b) sintered at 1850 °C; (c) sintered at 1900 °C; and
(d) sintered at 1950 °C [43].
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Formation of a borosilicate vitreous phase is observed in TEM. Free carbon and free
boron addition in SiC processed at 1950 -C for 5 min. at 100 MPa results densified
material [44]. With high B4C content in SiC increases fracture toughness and flexural

strength. Borosilicate liquid phase form during sintering with B4C dissolution.
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Fig. 2.9 Flexural strength and fracture toughness of the SiC ceramics with B,C

additive sintered at different temperature [43].

2.5.6 Effect of ZrB,

Krupa et al. [45] have studied the effect of ZrB, addition on the properties of
SiC composites. They have prepared the SiC composites with the addition of 10, 20
and 30vol% ZrB, to observe the various properties of composites and machinability
of SiC composites by EDM. Highly densified SiC composites were produced by hot
pressing at 1900°C.The density of composites decreased with the increase ZrB,
content due to high covalence and coarser particles than SiC particles. It was found
that with the increasing content of ZrB, hardness of composites increased while

electrical resistivity and flexural strength is reduced.
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Fig. 2.10 Scanning electron micrographs of SiC-ZrB, composites (a) 10 vol. % ZrB,
(b) 20vol. % ZrB; (c) 30vol. % ZrB, [45].

2.5.7 Effectof TiC

Luo et al. [46] have been evaluated the properties of SiC-TiC composites
made by SPS at 1800°C. The relative density of SiC-TiC composites is close to
theoretical density with addition of 30% TiC content. The fracture toughness and

strength are maximum when the amount of addition TiC content is 30%.
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Fig. 2.11 Relative density and Vickers hardness as a function of TiC content in SiC-
TiC composite [46].

Fig.2.12 showed the value of fracture toughness (Kc) of SiC-TiC composites and
maximum value of Kicmax = 6.2+0.6 MPa mY2 when TiC content rises to 30%, which

is almost double as compared to pure SiC ceramic.
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Fig. 2.12 The relationship of fracture toughness and TiC content of SiC-TiC
composite [46].

Fig. 2.13 shows the SEM images of the fracture surface of composites with 30% TiC
content, which were fabricated 1750 and 1800 °C. Fig. 2.13 (a) show the fracture
surface fabricated at 1750 °C, existed more pores and fracture surface covered with
fused phases. With the increasing temperature from 1750°C to 1800 °C, the pores
decreased in composites. Bending strength was improved due to the transgranular

fracture of SiC grains while fracture toughness was increased due to the intergranular

fracture of TiC grains.
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Fig. 2.13 SEM micrographs of the fracture surface of SiC-TiC composites: (a) 1750
°C, (b) 1800 °C [46].
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2.5.8 Effect of WC

Sharma et al. [47] observed the effect of WC content on the properties of SiC
composites. They prepared the SiC composites with the addition of 0, 10, 30 and 50
wt. % WC content by hot pressing. It was observed that fracture toughness is max for
50 wt. % WC content addition in SiC ceramics, while the hardness is max when the
addition of WC content is 30 wt %.

Fig. 2.14 BSE images of SiC ceramics with addition of (a) 0% WC, (b) 10% WC, (c)
30% WC, (d) 50% WC [47].

A maximum fracture toughness of 6.7MPam*? was observed for SiC ceramics with
50 wt%WC, whereas a high hardness of 26 GPa obtained for SiC ceramics with 30
wt%WC.

Table 2.3. Mechanical properties of SiC —~WC composites. [47]

Sample Volume fraction Hardness (GPa) Fracture toughness
(MPa*m'/?)

0 wt.% WC 0 23.95+0.97 5.85+0.30

10 wt.% WC 0.08 +0.01 24.02+1.12 6.36 £ 0.22

30 wt.% WC 0.28+0.01 26.33+0.71 6.47 £0.13

50 wt.% WC 0.46 £ 0.01 24.26 +1.12 6.66 + 0.12
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2.5.9 TaC-SiC composites

Liu et al. [33] studied about the TaC-SiC composites prepared by Spark
Plasma Sintering. They prepared TaC-SiC composites with 5 to 40 vol% 6H-SiC
content by SPS at a temperature of 1800°C for 5 min. They observed that with the
addition of SiC closed porosities eliminated in the last stage to achieve full densified
TaC with at least 20 vol% SiC. The grain size of TaC decreased with increase in SiC
content. The 40 vol% SiC composition had the highest flexure strength and fracture
toughness of 703 MPa and 6.8MPa m*? due to the addition of the SiC. At a
temperature of 1400°C composites with 20 and 40 vol% SiC showed higher flexural

strength than room temperature, due to silica rich glassy layer formation by the

b
Sum Sum

oxidation of SiC.

d

S5um S5um

Fig. 2.15 SEM images of the microstructures of the TaC-SiC composites with (a) 5
vol.% SiC; (b) 10 vol.% SiC; (c) 20 vol.% SiC; (d) 40 vol.% SiC.[33]
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The TaC-SiC composites with 20 and 40 vol. % SiC additions showed higher flexural
strength at 1400 -C than room temperature, due to the formation of the silica rich

glassy layers as a result of the oxidation of the SiC phase.

Table 2.4. Mechanical properties of the TaC-SiC composites. [33]

Material Young’s modulus Hardness Fracture toughness
(GPa) (GPa) (MPam*?)
5vol.% SiC 507 = 11 18.4+0.6 5.3+04
10vol.% SiC 518 + 13 19.1+0.6 59+0.7
20vol.% SiC 511 + 12 19.9+0.7 6.4+0.7
40vol.% SiC 498 + 10 21.0+0.8 6.8+0.9
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Fig. 2.16 Effect of different ceramic addition on the properties of SiC composites.
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2.6  Erosion behaviour of SiC ceramics and their composites

Erosion wear behaviour is influenced by microstructure, mechanical properties
and heat treatment of material itself. It also depends on the characteristics of erodent
particle and some other factors. As many researchers have done a lot of study in this
field, many other also correlate properties of erodent particle with the characteristics
of erosion of silicon carbide composites, all the relevant data so far available related

to erosion are summarized below.

2.7 Erosion

Erosion is a material removal mechanism, occurred in a number of engineering
systems. Erosion may be defined as material removal process from a surface due to
the interaction between surface and fluid, or impinging solid or liquid particles.
Erosive wear occurred by the impact of solid or liquid particles against the surface.
The particles that are impacting on the surface gradually remove the material from
the surface through repeated deformation and cutting conditions. [48] Erosive wear
occurs in a wide range of machineries and industries components; for example,
damage of gas turbine blades by dust clouds, hydro turbine under water parts etc. The
erosive wear rate depends on various factors such as particle shape, hardness, and
impingement angle and impact velocity along with characteristics of surface which is
being eroded. The impingement angle is one of the important factors. The wear rate is
the maximum at an angle of impingement of 30° for ductile materials while for brittle

materials wear rate is maximum at 90° angle [49].
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Fig. 2.17 Impingement of solid particles on the surface [50].

2.8 Solid particle erosion

When the solid particles impact on the surface of composites, type of damage
occurs: the removal of the material due to repeated deformation and the cutting action.
When the solid particle impinges at low angle, it skids on the surface of material and
at the same time indentation created. This skid is related to loss of material due to
plastic deformation and indentation is related to cutting action. As the velocity of
impact reduces, solid particle tend to skid on the surface of material and damage due
to cutting is reduced. So at lower velocity of impact, particle does not skid in cutting

damage but only plastic deformation damage occurs.
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Fig. 2.18 Material removal mechanisms in solid particle erosion [49].

2.9 Factors affecting erosion behaviour

The erosion rate depends on many factors like impact velocity, size of particle
and the relative hardness and toughness of the erodent and target for brittle materials.
The impact velocity and particle shape of erodent are major factors determining the
erosion rate for ductile materials. The erosion rate is increased with increase in the
erodent hardness. The erosion rates with hard silicon carbide erodent were > 100
times those caused by the softer silica. This was due to differences in the mechanisms
of material removal. Particle size, kinetic energy, toughness and relative hardness of
the target and erodent are some factors to determine erosion rate for brittle materials
while shape and kinetic energy of the erodent are main factors for erosion o ductile
materials. There is no or less effect of hardness and toughness of erodent on erosion
rate for ductile materials [51]. The material removal during erosion is dependent on

many operating parameters which are as follows:
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29.1 Impact velocity

Impact velocity of the erodent has significant effect on erosion rate. The
erosion rate is generally defined loss of material to the weight of erodent particles.
Theories of erosion for brittle materials predict that steady state erosion rate AW

(weight loss per unit weight of impacted particles) is given by:

AW =KV"'D™ ... (1)
where v is the velocity of particle, D is the particle diameter, K is a velocity and size-
dependent function of properties of material. n lies in the range 2 to 3. The velocity
exponent is also affected by angle of impact and particle size. Goodwin et al. noted

that with the decrease in particle size, the velocity exponent decreases. [52]

2.9.2 Particle hardness

Sundararajan [53] studied the effect of hardness of abrasive particles on the
erosion rate of target material. They have found that as long as the particle was at
least 1.5 times harder than target material, the resulting erosion rate was not depend
on hardness of particle. But when the hardness of particle is comparable to target, a

significant reduction in erosion was observed.

2.9.3 Particle shape
The influence of shape of particle on the erosion rate has been studied by
several investigators. Brown et al [54] and Levy and Chik [55] observed that erosion

rate is higher when eroded by angular particles compare to spherical particles.
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Fig. 2.19 Variation of erosion rate with respect to impact angle with particle shape
[54].
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It is found that angular particles are more effective compare to spherical particles for
erosion. The erosion rate increased with increasing squared perimeter to area ratio
(P?A) and decreasing width to length ratio (W/L) for erodent particles. Erosion is the

maximum at low impact angle and at high angularity.

2.9.4 Particle size

Particle size of erodent is also an important variable. The effect of particle size
has been studied by several workers. Goodwin et al. studied the erosion of steel by
quartz particles. The obtained results are shown in Fig. 2.20 which indicates that
when particle size is increased up to a limiting size (50 to 100 microns), erosion
increases and after that (more than 100 microns), the erosion rate is independent of
particle size. Montgomery and Clark [56] studied the effect of particle size. Since
erosion rate decreases with decreasing the size of particles (less than 100 microns), it
IS quite natural except that below a critical size of particle erosion rate will become

negligible.
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Fig. 2.20 Variation of erosion rate of steel with particle size [56].
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2.9.5 Particle concentration

Erosion rate should be independent of particle concentration as long as each
particle impact event is equally effective. At higher concentration, where a particle
interference effect occurs, the erosion rate decreases [57].

2.9.6 Impact angle

Impact angle is defined as the angle between particle trajectory and the surface
of target. The effect of impingement angle on erosion is very much determined by the
nature of target material as shown in Fig. 2.21. Erosion rate is the maximum at normal
incidence angle for brittle materials while for ductile materials erosion rate is the

maximum at an impact angle closer to 30°.

BRITTLE

FROSION RATF (F)

;E éﬂ 90°
IMPACT ANGLE (8)

Fig. 2.21 Effect of impact angle on erosion rate in case of Ductile and Brittle
Materials [57]
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2.9.7 Temperature

Oxidation rate and surface oxide layer thickness and toughness formed at
elevated temperatures govern erosion behaviour. It is found by Alman et al. [58] that
erosion rate at 700°C is double then that at room temperature in case of WC-Co hard
metals. Temperature highly affects the erosion rate [59]. Erosion angle changes from
90° at 23°C to 45° at 1000°C, in sintered alumina. The effect of temperature on
erosion is significant above 400 °C which further increases at high temperature. The
erosion rate at 800 °C is 1.7 - 2.2 times that at room temperature [60].

2.10 Erosion of SiC ceramics and their composites

Generally erosion is preceded by indentation-induced fracture mechanism, if
particles are harder than target material. If the particles are softer than target material,
erosion occurs by chipping mechanism. Extensive research has been done to
understand the erosion behaviour of SiC ceramics and their composites. Generally,
solid particle erosion of SiC ceramics occurs by brittle fracture as a result of radial

and lateral cracking [61, 62].
2.10.1 Erosion of reaction bonded SiC

Routbort et al. [15] studied eroded surfaces of SiC composites with different
sizes of erodent particles. The erosion wear is reported to not be in agreement with
predicted erosion wear rates because of the microstructural effects. They investigated
the impact erosion of reaction bonded SiC by angular Al,O3 particles (23-270 um) at
room temperature with 54-151 m/s and 10-90°.
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Fig. 2.22 Normalized steady state erosion rate as a function of impact angle in
reaction bonded SiC [15].
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Fig. 2.22 shows erosion rate of reaction bonded SiC as a function of impact angle that
erosion rate increased gradually and reached max. at 90°.The SEM images and the
angular dependence of AW suggest that plasticity occurs although the damage is
predominantly brittle fracture.

2.10.2 Erosion behaviour of SiC/(W, Ti)C laminated ceramic

Jianxin et al.[20] reported that the erosion behaviour of SiC/(W, Ti) laminated
ceramic nozzles were better than homologous stress-free ceramic nozzles due to the
formation of compressive residual stresses in the entry region of the nozzle. They
prepared the nozzles by hot pressing. Due to the difference in thermal coefficient and
shrinkage of SiC and (W, Ti) C solid solution, the entry region exhibits compressive
stresses. The tensile stress was counteracted by compressive stresses which led to

improvement in erosion wear resistance.
2.10.3 Erosion behaviour of SiC and SiC-TiB, composites

Kim and Park [19] studied the erosion rates of monolithic SiC ceramics and
SIiC-TiB, prepared by hot pressing with angular SiC particles (50-150um) at room
temperature, velocity (40-100m/s) and impingement angles (30-90°). They observed
that in both materials, plastic deformation with grain pull-out occurs on the eroded
surface. The erosion rate did not increase with the increase in particle size,
presumably due to the erodent fragmentation. Rather, the erosion rate was higher for
the SiC-TiB, composites with higher fracture toughness but lower hardness compared
to monolithic SiC, indicating that the erosion of these materials is largely controlled
by the plastic deformation. Large erodent particle size and elevated temperatures are
reported to lead to lower erosion rates for SiC-TiB, composites when compared

against SiC ceramics.
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Fig. 2.23 Steady state erosion rate of monolithic SiC containing 5 vol.%Y,03 and SiC
composite containing 5 vol.% Y,03 and 14 vol. % TiB; as a function of (a) impact

angle and (b) erodent particle size at a velocity of 40, 70 and 100 m/s [19].
2.10.4 Erosion of SiC-SizsN4 composites

Li et al. [62] studied the erosion behaviour of SiC-SisNs composites at
elevated temperature. The erosion test was performed using SiC particles as erodent
with particle size in the range of 325-830um. They found that the erosion rate of the
composites firstly increased and then decreased with increase the erosion temperature.
It gradually increased with the increase in impingement angle. The erosion rate was
minimum at 1400°C temperature and angle of 30°. The loss of material at low
temperature was mainly caused by brittle fracture, while at high temperature the

erosion mechanism led to plastic deformation and oxidation protection.
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Fig. 2.24 The volume erosion rates of SiC—SizN4 composite ceramic with respect to

the erosion temperature and the impingement angle [62].

As shown in Fig. 2.24, the erosion rate of SiC-Si3N, composite ceramic largely
depends on the angle of impingement. With the increase in angle erosion rate
gradually increases and at 90° it is maximum. At lower temperatures, SiC—SizN,4

composites erosion occurs by brittle fracture.
2.10.5 Erosion of Si/SiC composites

Amirthana et al. [63] studied the solid particle erosion behaviour on
biomorphic Si/SiC ceramic composites. The erodent used were SiC particles (80-450
pm) which is angular in shape and impact velocity and impact angle was varied from
20 to 50 m/s and 20° to 90°, respectively. They found that brittle and cleavage
fractures are occured at the erosion surface. The erosion results shows that high
erosion occurred at normal angle of impingement while at lower angle less erosion

occurred.
2.10.6 Erosion of SiC-WC composites

Sandan et al. [47] reported that the less erosion occurred when SiC-WC
composites were eroded at normal incidence by alumina particles compare to silicon

carbide particles.
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Table 2.5. Erosion rates of SIC-WC composites at normal incidence using alumina

and silicon carbide erodent particles [47].

Erosion rate at normal

incidence (mm*/kg)

Sample
Alumina Silicon carbide
SW0 18.31 1044.63
SW30 6.57 850.73
SW50 20.49 1223.24

When eroded by silicon carbide particles, erosion rates of the composites increased

with increasing angle of impingement from 30° to 90°, and decreased with the WC

reinforcement up to 30 wt%. Eroded surfaces predominantly showed fracture of SiC

grains and pull out of WC particles. Distribution of WC particles protected SiC grains

from fracture up to 30 wt% WC reinforcement. A minimum erosion wear rate
obtained for SiC- 30wt% WC composite.
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Fig. 2.25 Steady state erosion rates of SIC-WC composites as function of angle of

SiC particle impingement and WC content [47].
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2.11 Problem formulation

Literature study indicates that the varieties of ceramics can be added to improved
mechanical and wear properties of SiC ceramics. The key feature in selecting the
reinforcement is that the average properties of SiC matrix should be improved by
engineering of microstructure. SiC-TiB,, SiC-WC/TaC, SiC-Si3N, are studied for
their erosion performance. Considering higher modulus and high temperature
strength, one would expect an improvement in wear behaviour for TaC reinforced SiC
ceramics. However, the effect of TaC addition in erosion wear behaviour of SiC
ceramics is not investigated, probably because of the processing difficulties. Such
difficulties in sintering of SiC-TaC composites are thought to be overcome by the use
of rapid sintering technique, spark plasma sintering and the erosion at high
temperatures can be assed. In line of the above, the major objective of the present
thesis is to fabricate SiC ceramics with 10, 20 and 30 wt% TaC reinforcement by the
spark plasma sintering. The SPS conditions will be optimised to get full density of the
composites. The sintered composites will be characterised for their microstructure and
mechanical features. The behaviour of the sintered composites will be assessed by
eroding SiC particles at ambient and 400°C in air. The wear mechanisms will be

studied as function of TaC content and erosion temperature.
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CHAPTER 3
PLAN OF WORK

In the present work of research, the SiC ceramics with 10, 20 & 30 wt% TaC addition
are prepared using spark plasma sintering technique. Microstructural analysis of all
the samples is done using Scanning Electron Microscope (SEM) as well as optical
microscope. Also characterization of samples is done using X-Ray diffraction (XRD).
The mechanical properties such as hardness and fracture toughness of sintered
composites are evaluated. Further, the erosion wear of all the samples is performed at

room temperature as well as at elevated temperature.

Hardness measurements are carried out on all the samples before and after the erosion
by SiC particles. After erosion, all the eroded samples are analyzed using SEM. The
eroded surfaces are studied to find the mechanism of material removal in the selected

erosion conditions.

A schematic representation of the plan of work is shown as flow diagram in Fig. 3.1.

Mixing SiC and (10, 20 or
30 wt%o) TaC powders

Spark plasma sintering
of powdered mixtures

J | | |

Microstructure XRD Analysis Mechanical High Temperature
Properties Erosion test
i p4 p4 v
»SEM analysis of »XRD analysis of »Hardness > Erosion test of
powder mixture powders as well #Fracture samples at room
and sintered as sintered toughness temperature and
samples samples elevated (400°C)
temperature at an
angle of 90°.

»SEM of eroded
surface

Fig. 3.1 Flow Diagram depicting plan of work
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CHAPTER 4
EXPERIMENTAL PROCEDURE

The characterization and high temperature erosion studies of sintered SiC-TaC

ceramic composites carried out in the present work are described here:

4.1 Material preparation

Commercially available a-SiC (A1, Showa Denko, Japan) and TaC were used
as starting powders. Powder mixture containing 10, 20 or 30 wt% TaC were prepared.
The respective powder batches were mixed in toluene for 24 h using WC grinding
balls in a polymer jar. The photograph of the tumbler mill is shown in Fig. 4.1.The
mixed slurry was dried in an oven at a temperature of 100°C for 1 h. After drying, the
powder mixture was crushed by mottle & pastel to remove agglomerates. The crushed

powder was sieved through a fine sieve to achieve free flow of powders.

Fig. 4.1 Tumbler mill for powder mixing

Simultaneous TG & DSC analysis ( TG/DSC Seiko Extar 6300) were carried
out on silicon carbide powders as well as tantalum carbide powder and mixture of
silicon carbide and tantalum carbide powders in order to identify the occurrence of

(any) reaction. All the measurements were carried out in air atmosphere.
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The powders were sputter coated with gold, and subjected to microstructural
characterization using scanning electron microscopy (SEM S4300, Hitachi Ltd.,
Japan, or FE- SEM, Quanta 200 FEG, the Netherlands).

Phase analysis of powder mixtures was performed using XRD (XRD, D8
Discover, Bruker AXS GmbH, Germany). A photograph of XRD is shown in Fig. 4.2.

Fig. 4.2 X-Ray diffraction machine

The powder mixtures were spark plasma sintered (Dr. Sinter SPS-625, Fuji
Electronic Industrial Co. Ltd., Japan) at 1800°C for 5 min at 55 MPa in Ar
atmosphere. A photograph of the SPS facility is shown as Fig. 4.3.
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Fig. 4.3 Spark plasma sintering facility

4.2 Density measurement

The density of the sintered composites was measured by Archimedes principle.

For calculating theoretical densities by rule of mixtures, theoretical densities (g/cc) of

as received powders considered as per the following formula

1_.'X'1

X2
= e ——————— 4.1
D dq + dy (41)

D= Density of ceramic composite
X1, X2 = Weight fraction of respective powders.

d;, d, = Density of respective powders.

Details of batch composition and theoretical density of powder mixture is given in

Table 4.1.

34|Page



Table 4.1. Batch composition and density of samples

Sample a- SiC (wt %) TaC (wt %) Theoretical density
designation (g/cc)
ST10 90 10 35
ST20 80 20 3.8
ST30 70 30 4.2

After the sintering, the samples were removed by hydraulic press and graphite
layer was removed from the surface of the sample by using belt polishing. After
removing the graphite layer sintered sample was polished on auto polisher by using
diamond suspension. Firstly sample was polished on 45um plate for 25-30 min. After
that the sample was polished on 15um, 6um plate and finally up to 1um plate.
Photographs of belt polishing machine and auto polisher are shown in Fig. 4.4.

(a) (b)

Fig. 4.4 (a) Belt polishing machine (b) auto polisher

The phase analysis of the sintered composites was done by using X-ray

diffractometer. The microstructural characterization of the polished was done using

SEM-EDX analysis.
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4.3 Hardness analysis

The micro-hardness of polished samples was measured by Vickers indentation
(Leica, VMHT (MOT), Germany) at a 20 N load for a dwell time of 15s for sintered
as well as eroded samples. All the readings of hardness were taken at different
locations at same load of 20 N. Normally, the average of 10 readings of hardness is
reported. A photograph of the instrument which is used to measure the hardness is
shown in Fig. 4.5.

Fig. 4.5 Vickers micro-hardness tester

4.4  Fracture toughness

When indenter indents the samples in hardness test, then some crack is
generated. Lengths of crack generated by Vickers indentation (AVK-C2, Akashi
Corporation, Japan) at a 20 N load for 15s were measured and fracture toughness

(Kic) in MPam” was calculated by using Anstis equation [64]:

%
K, =0.016 (—H j 5 (4.2)

Where ¢ = (L/2)+a. L is length of the diagonal of the indentation, P is load in N, c is
crack length in m and H is hardness in GPa. E is elastic modulus of composite in GPa
estimated by rule of mixture using elastic modulii of 410 GPa for SiC and 480 GPa
for TaC. A schematic representation of cracks generated by Vickers indentation is
shown in Fig. 4.6.
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Fig. 4.6 Crack generated by Vickers indentation

4.5 High temperature erosion tester

Erosion tests were performed using a high temperature erosion testing machine.
Silicon carbide erodent particles 45-75 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 nozzle of 1.5 mm
diameter and was 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 50 m/s with a
flow rate of 3 g/min. Erosion tests was performed at impingement angles of 90° at
room temperature and elevated temperature (400°C). A schematic diagram of high
temperature erosion set up is given in Fig. 4.7 and the erosion test parameters are
listed in Table 4.2.
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Fig. 4.7 Schematic diagram of high temperature erosion tester

The weight loss of the sintered ceramics was measured to an accuracy of 0.1 mg.
The average weight loss was converted to average volume loss and erosion rate E in

mm?®/kg was determined using the following formula:

where V is volume of the material removed in steady state in mm?® and M is the mass
of erodent particles used in steady state in kg. The erosion results were checked for
the reproducibility by conducting whole experiment at least twice for each
composition. Material removal mechanisms were elucidated using SEM-EDS analysis

of eroded surfaces.

Table 4.2. Experimental parameters for high temperature erosion test

Erodent Impact Temperature Impact | Discharge | Test
material | velocity angle rate duration
Silicon 50 m/s e Room temperature 90° 3 g/min 15min
carbide e 400°C

particles

(45-75um)
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CHAPTER 5
RESULTS & DISCUSSION

5.1 TGA and DSC analysis

Fig. 5.1 shows the TGA and DSC curves for SiC and TaC powder as well as
mixture of SiC and TaC powders in a temperature range of 30°C to 1430°C.The
diagram shows that SiC powder did not change weight up to the temperature of
around 1150°C. After reaching to this temperature, the weight slowly increased. For
TaC powder the weight is same up to 588°C. After that weight rises from 588°C to
755°C. After reaching at 755°C, there is no increase or decrease in weight of tantalum
carbide. The TGA curve of powder mixture shows that weight remains same up to
610°C. After that, weight increased in from 610°C to 751°C. After reaching 751°C,
weight remains constant up to 1180°C. After that again weight gains up to 1430°C.

DSC curve of silicon carbide, tantalum carbide powder and mixture of silicon
carbide and tantalum carbide powder shows an endothermic peak in each case. The
endothermic peak exists for pure tantalum carbide at a temperature of 769°C. The

peak is observed in the temperature range of 700°C to 770°C for powder mixture.

100.0 — | |
—260.0

— 0.00

0.0
240.0 —

-100.0 220.0

-200.0 200.0 _1-0.40

180.0
-300.0

TG %

160.0

-400.0 — —

1428 Cel] 140 0 —-0-80
125.6 %

-500.0 [—
1201 Cel “1120.0

105.9 % — -1.00

295 Cel 500 cel 599 Cel 800 Cel 1001 Cel

o
oo /10000 Yoggaes 300 TS 98.01 % 98.6 % 100.1 %
. 1301 Cel|100-0 b
113.7 %
101 Cel 300 Cel 500 Cel 700 Cel 900 Cel ig??ﬁfﬂ' B 120
7000 9967 % 98.01 % 97.87 % 98.24 % 99.3 % oo
! ! ! ! ! ! L
200 400 600 800 1000 1200 1400
Temp Cel
(@)

39|Page

DTG mg/min



3.000

2.500

2.000

1.500

1.000

0.500

0.000

-0.500

-1.000

-1.500

-2.000 |—

-2.500

200.0

100.0

0.0

-100.0

-200.0

-300.0

-400.0

-500.0

180.0
—{0.00
- —170.0
I~ —{-1.00
—160.0
| 762 Cel _ ]
-1.27 mg/min
769 Cel 1500
1.043W —150.0 i
— — 140.0 £ —-3.00
(O]
_ =
-2.72 1/mg —130.0 —1-4.00
1428 Cel *
755 Cel FEReY 115.8 %)\ — 120.0
— 115.0 % .7 70 —1.5.00
/ |
| 1178 Cel N
— 110.
588 Cel 115.0 % 0.0
22.5 Cel 352 Cel Py —{-6.00
158 Cel 101,2 %, 726 Cel 7
100.0 % 100.2 % 100.3 % 110.4 %
—100.0 7
Lt | | | | | | | | | | | | | , —{-7.00
o 10 20 30 40 50 60 70 80 90 100 110 120 130
Time min
— 280.0
— _ —o
—260.0 |
708 Cel 739 Cel _
~ -48 ug/min  ~24 ug/min —-100
—240.0
735 Cel 7 I
— -16.5mW =
m 220.0 | 500
—{200.0 ]
— -541 m3/m
B —-300
=
—180.0
[
— | =
—160.0 — 400
—140.0
—-500
1200 cel 123:6 %4 7
— 751 Cel 1001 Cel  108.8 % —120.0 f
29.0 Cel 200 Cel 600 Cel 103.7 % 104.8 %
99.98 % 9 400 Cel e . .
98.90 % 98.57 % 99.4 % 600
1299 Cel —{100.0
r 900 Cel 1100 Cel 114.1 % B
99.7 Cel 301 Cel 500 Cel 104.2 % 105.9 %
99.08 % ‘ 98.78 % ‘ 98.66 % ‘ ‘ ‘ ‘ | —|800 —| 700
L L L
200 400 600 800 1000 1200 1400
Temp Cel

(©)

Fig. 5.1 TGA & DSC curves for (a) SiC powder (b) TaC powder (c) powder Mixture
of SiC and TaC
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5.2 Microstructural characterization of powders

Fig. 5.2 shows the microstructure of as received powder of SiC and TaC as well
as the mixture of SiC and TaC powders. Microstructure shows that there is uniform
distribution of TaC particles in SiC matrix. The particle size of SiC particles is in the
range of 400-600nm while for TaC particles is 0.3-1.5um. The concentration of TaC
particles in the composites increased with increasing TaC content in the initial powder

mixture. The microstructures show that the particles are nearly equi-axed in shape and

no elongated grains are present.

1 pm EHT = 2000 kV Signal A = SE1 Date 9 Apr 2015 ZEISS 1ym EHT = 20.00 &V Signal A= SE1 Date :25 Aug 2015 ZEISS
—A — WD = 60mm MMED, IITR Mag= 2000K X %

Fig. 5.2 SEM images (a) SiC powder (b) TaC powder (c) powder mixture of SiC-
10wt% TaC (d) powder mixture of SiC-20wt% TaC (e) powder mixture of SiC-
30wt% TaC

41|Page



EDX analysis of powder mixture as well as sintered composites is shown in fig.
EDX analysis of mixing powder shows that there is no oxygen present. The mapping
of elements shows the distribution of each elements and only Si, Ta and C elements

are present.

2z 4 G & 10 12 14 16 12 20
Full Scale 7829 cts Cursor: 0.000 ke

SiKai Talai CKal_2

Fig. 5.3 EDX analysis of powder mixture and mapping of elements

5.3 XRD analysis of powders

The XRD patterns of powder mixture of SiC and TaC are shown through
Figs.5.4-5.6. The XRD pattern of monolithic SiC and TaC are also given. XRD
reveals that only hexagonal SiC and cubic TaC phases are present in composites. The
peak intensity of TaC is identical with the intensity of starting powder in different
composites shows that chemical composition is identical. XRD shows the good
chemical compatibility between 6H-SIC and TaC. Therefore, two-phase SiC-TaC
compositions are produced by spark plasma sintering of SiC and TaC powder

mixtures.
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Fig. 5.5 XRD patterns of TaC powder

43|Page



XRD patterns of powder prepared of SiC with 10, 20 &30 wt% TaC are
shown in Fig. 5.6. XRD analysis reveals no other phase than SiC & TaC. It is possible
that the peak intensity of any other minor phases is out of the detection limit of the
XRD instrument. Furthermore, the intensity of SiC & TaC peaks is increased. XRD
shows that the peaks of TaC is increased while SiC peaks decreased with the increase
TaC content from 10 to 30 wt%.

#-hexagonal-SiC
T $-cubic-TaC
- #
$
| $
- $ $
=
‘g’. SIC-30wt%TaC 4 Jf # e $
.g ]
£ ? s
] 4 F $ $
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- e R, UTAE]
- i s
SiC-10wt%TaC ﬁ/ﬁ # $. ## $
T T T T T T T T T I ; I i
20 30 40 50 60 70 80 a0

Angle 2 theta (deg)

Fig. 5.6 XRD patterns of powder mixtures of SiC and TaC

5.4  Sintering behaviour

The powder mixtures are sintered by SPS at a temperature of 1800°C at a
pressure of 55 MPa and holding time for 5 minutes. Fig. 5.7 shows the sintering
behaviour of the samples. The curve shows densification with respect to temperature.
In first stage, temperature rises from 575°C to 600°C in 6 minutes. After that in
second stage temperature rises from 600°C to 1800°C in next 12 minutes with a

heating rate of 100°C/min and pressure rises up to 55 MPa.
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Fig. 5.7 Sintering behaviour of SiC-TaC composites

After that, sample is held at 1800°C temperature for next 5 min to
densification. After holding 5min at 1800°C, temperature is reduced with a cooling
rate of 200°C/min up to 900°C. After that normal cooling takes place and
densification of material is continuous. The densification curve shows that
densification starts at around 1500°C increases up to 1800°C. There is no further
densification during holding. When holding time is over further densification takes

place. It is clear that the densification takes place up to 100%.

5.5 Microstructural characterization of sintered composites

Typical microstructures of the sintered samples are shown in Fig. 5.8.
Microstructures of sintered samples show that TaC particles are homogenously
distributed in SiC matrix. The size of TaC particles is in the range of 0.4-2.2um. With
the increase in the concentration of TaC, the average distance between TaC particles
is decreased from around 8um to 4um. The particles are nearly equi-axed in shape in

sintered composites.
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Fig. 5.8 SEM images of the sintered SiC-TaC composites (a) 10wt%TaC (b) 20wt%
TaC (c) 30wt% TaC

EDS analysis of sintered sample shows that there is no oxygen present. There
is a uniform distribution of TaC particles in SiC matrix. Si, C, & Ta elements are
present. The mapping of elements show that how the distribution of elements in the
sample.
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Fig. 5.9 EDX analysis of sintered composites and distribution of elements

5.6 XRD analysis of sintered composites

The XRD patterns of sintered SiC-TaC composites are shown in Fig. 5.10. XRD
reveals that only hexagonal SiC and cubic TaC phases are present in composites. The
peak intensity of TaC is identical with the intensity of starting powder in different

composites shows that chemical composition is identical.
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Fig. 5.10 XRD patterns of sintered SiC-TaC composites

It is possible that the peak intensity of any other minor phases is out of the
detection limit of the XRD instrument. Furthermore, the intensity of TaC peaks is
increased while that of SiC peaks decreased with increase in TaC content from 10 to

30 wt%.

5.7  Mechanical properties

The estimated hardness and fracture toughness values of the investigated
composites are listed in Table 5.1. The value of hardness is decreased with increase in
TaC. The highest value of hardness is 25.75 GPa for ST10, 24.60 GPa for ST20 and

23.30 GPa for ST30. Fracture toughness is increased with the increase in TaC content.
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Table 5.1 Mechanical properties of SiC-TaC composites

Sample designation Hardness (GPa) Fracture toughness
(MPam'?)
ST10 25.75+0.55 3.48+0.30
ST20 24.60+0.63 3.52+0.26
ST30 23.30+0.55 3.85+0.23
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Fig. 5.11 Variation of (a) hardness and (b) fracture toughness with TaC content in

SiC-TaC composites

5.8 Crack propagation in samples

Crack propagation in after Vickers indentations for the SiC-TaC composites are
shown in Fig. 5.12. The TaC phase appears bright, while the SiC phase looks gray.
The identity of the major elements in each of these constituents was confirmed by
EDX analysis. Crack deflection as well as crack bridging by TaC is appeared which

leads to the toughening of SiC ceramic composites.

49|Page



7

EHT =20.00kV Signal A = SE1 zE1SS
(| WD = 11.5mm MMED, IITR Mag= 700KX

(©) (d)

Fig. 5.12 Crack propagation in Samples (a) & (b) ST10 (c) ST20 (d) ST30

5.9 Erosion of SiC-TaC composites

Erosion test is performed on the sintered composites for 15 minutes using
silicon carbide as the erodent. The weight loss of the composites measured and
erosion rate is calculated. Erosion rate of the SiC-TaC composites at 90° angle of
impingement varied from 53 t0166 mm?®/kg. The maximum erosion rate observed for
the ST10 composite while erosion rate is the minimum for ST30. The erosion rate of

all three compositions is given in Table. 5.2 and Fig. 5.13.
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Table 5.2 Erosion rate of the sintered SiC-TaC composites

Erosion Rate (mm®/kg)
Sample Ambient Condition 400°C
ST10 96 166
ST20 71 120
ST30 53 94
180 T T T T T T T T T I
%9 —A— Erosion rate @ Room Temp

160 - —X— Erosion rate C_a} 400 °C

140 4

120 4 %

Erosion Rate(mm3/kg)

60

40 —

100 — A \
80 \
15 25

30 35
TaC content (wt.%)

Fig. 5.13 Erosion rate of SiC-TaC composites with TaC content and temperature

5.10 Eroded surface analysis

Eroded surface of the samples shows pull-out of TaC particles and brittle fracture of
SiC matrix at room temperature as well as 400°C. The fracture is dominant at 90°
angle and shows mixed mode of fracture intergranular and transgranular. The eroded
surface of samples shows intergranular and transgranular fracture. Eroded surface

shows that higher fracture occurs in ST10 composites at 400°C temperature.
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Fig. 5.14 SEM images of surface of samples eroded at room temperature (a) ST10 (b)
ST20 (c) ST30

Surfaces of composites eroded at room temperature and 400°C are shown in Figs.
5.14 and 5.15, respectively. It is clear from Fig. 5.14 that highest fracture occurs in
SiC with 10 wt% TaC composites and minimum for the SiC with 30 wt% TaC
addition. Fig. 5.15 shows the eroded surface of the composites at 400°C temperature.
It is clear that at higher temperature erosion also increases and more fracture occurs as
compared to ambient condition. The reason for the higher erosion at 400°C as
compared to ambient, as temperature increases matrix of material becomes soft or
hardness of the material reduced. Due to the hardness reduced more fracture occurs
and more SiC grains pull-out in ST10 as compared to ST30. In ST30 TaC particles
hold the grain boundary and provide strength for composites not to pull-out of SiC
grains.
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Fig. 5.15 SEM image of surface of samples eroded at 400°C temperature (a) ST10 (b)
ST20 (c) ST30
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CHAPTER 6
CONCLUSIONS

Powders of a-SiC and TaC were sintered by spark plasma sintering at 1800°C
temperature at a pressure of 55 MPa in Ar atmosphere holding time for 5 minutes to
obtain highly dense SiC-TaC composites. Sintered composites were tested in erosion
by SiC particles (45-75 pum size) in ambient and elevated temperature (400°C) in air.
The following conclusions are obtained from the characterization and erosion wear of

the composites.
(a) The relative density of the composites obtained was more than 99%.

(b) The fracture toughness increased with the addition of TaC content and maximum
fracture toughness obtained for SiC-30 wt% TaC composite. A slight decrement in the
hardness of composites with increased the TaC content from 10 to 30 wt%. A

maximum hardness of 25.75 GPa obtained for SiC-10 wt% TaC composites.

(c) Mixed mode of fracture i.e. intergranular and transgranular fracture occur for the

sintered SiC-TaC composites.

(d) When eroded by SiC particle, the erosion rate decreased with the increase in TaC
content. The maximum erosion is observed for SiC-10 wt% TaC composites, while it
is minimum for SiC-30 wt% TaC composite. The erosion rate increased with increase

in temperature to 400°C.

(e) The worn surfaces reveal increased pull-out of grains when composites are eroded

at 400°C compared to ambient temperature.
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CHAPTER 7
SCOPE FOR FUTURE WORK

1. The present study deals with the erosion at ambient and at 400°C temperature
condition. Further experimentation can be done to understand the effect of high

temperature (800-1000°C) on the performance of erosion.

2. The size of the erodent particles was 45-75um size SiC powder in this study. We
can also varied the erodent particle size to understand the effect of particle size on

erosion for further studies.

3. The erosion test was performed only at normal angle of impingement in this study.

For further studies we can also varied the angle of impingement like 30° and 60°.

4. Effect of various other erodent particles other than silicon carbide powder can be
carried out to do the comparative study between different erodent particles on erosion

performance.

5. Effect of parameters like impact velocity, discharge rate etc. on the erosion

performance can also be studied.

6. Since in present work we have restricted only high temperature erosion test, future
work may be extended to sliding wear test at higher temperatures and also cavitation

and slurry erosion test.
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