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Abstract

Sintering of silicon carbide (SiC) requires high temperature and pres-

sure due to the covalent nature of its bonding. Therefore, sintering

additives are used to lower the sintering temperature and to control

the microstructure.

In this work, role of aluminium nitride (AlN) and carbon in pres-

sure assisted densification is studied as the literature was not clear on

whether AlN always induces liquid phase sintering (LPS). It is shown

that mixing su�ces to produce green bodies in which AlN is present as

individual particles. When heated above 1700 �C the AlN redistributes

to grain boundaries and triple junctions through vapour transport and

grain boundary di↵usion, which causes the onset of densification. Ad-

dition of AlN and carbon together leads to microstructure more consis-

tent with solid state sintering (SSS) than with LPS which was induced

with the addition of yttria and AlN.

Nano-indentation was used to measure hardness as a function of

strain rate and temperature. It was found that hardness increases

0.8 GPa per decade strain rate and decreases with increasing tem-

perature. Since in the absence of cracking hardness is a function of
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sti↵ness and yield stress, nano-indentation was used to calculate the

Peierls stress (12 ± 1 GPa), activation energy (1.1 ± 0.3 eV) and the

activation volume (1.44 ⇥ 10�29 m3) of dislocation glide in SiC. Grain

size was found to have a minimal e↵ect on plasticity of the material

when indents are small.

Consistent with widely reported trends, the hardness was found to

decrease when higher loads are used. It is argued that this decrease

in hardness is due to an increase in crack length relative to the indent

size. An empirical model, based on dimensional analysis, describes the

observed decrease in hardness rather well.

Observations of a new damage mechanism after unloading of large

load indents are presented and a mechanism is proposed.
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Symbol Description
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1. Introduction

Silicon carbide (SiC) is a ceramic with many commercial applications

e.g. as the main structural material in telescopes for space exploration,

as an abrasive for cutting and grinding, in wear parts such as bear-

ings and atomisation nozzles, for the production of seals and valves

in demanding chemical environments in the process industry, in high

temperature heat exchangers and in ceramic armour plates for ballistic

protection.

Due to the covalent nature of the atomic bonding in SiC, di↵usion is

slow and hence sintering of SiC is di�cult. In fact, without the use of

sintering additives, even hot pressing SiC does not lead to high densi-

ties. However, as will be discussed in the literature review 2, addition of

sintering additives allows high density to be achieved. Typical systems

include boron and carbon to promote solid state sintering or the addi-

tion of mixed oxides to promote liquid phase sintering. For the latter,

aluminium oxide (Al2O3) is sometimes replaced by aluminium nitride

(AlN) to reduce the weight loss during sintering, but AlN appears to

have been used also in systems where solid state sintering would be

expected. It is not entirely clear whether in such systems AlN addi-
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tions lead to liquid formation by reaction with the silica present on the

surface of the SiC, or whether AlN is also e↵ective in promoting solid

state sintering. The first part of this research was therefore devoted to

microstructure development and sintering during hot pressing of AlN

doped SiC.

For many of the industrial applications, the high hardness of SiC

is a key property. For example, in ceramic armour it is commonly

believed that “Harder is better”[1], and a high hardness is often con-

sidered desirable to enhance the wear resistance [2] although fracture

behaviour can play a key role in wear resistance too [3]. Based on

the literature, summarised in a second part of the literature review

(2.2), the consensus appears to be that a high hardness and a high

toughness are somewhat contradictory as a high hardness is believed

to require small, equiaxed, grains whereas a high toughness requires a

microstructure containing at least a good fraction of elongated grains.

Therefore a second part of the research was devoted to clarifying the

e↵ect of microstructure on hardness.

However, hardness values depend on the measurement method and

even when the method is the same, the scale of the measurement can

also influence the hardness value found. Hence, the role of the mi-

crostructure was investigated both in the case of small indentations

obtained by applying loads up to 400 mN as well as in the case of

larger indents up to 294 N.

During the high load indentation experiments, a new observation was

made: the centre of the indent can sometimes eject after unloading. A
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final part of this investigation therefore documents these observations

and again tries to link it to di↵erences in the microstructure. Hence,

the structure of this dissertation is that Chapter 2 contains a liter-

ature review on sintering additives for SiC and on hardness of SiC,

followed by the experimental methodologies in Chapter 3. Chapter

4 discusses the results of the sintering with specific attention to the

nature of the sintering mechanism. Chapter 5 presents the results of

the low load indentation together with an interpretation of what con-

trols the small scale hardness and Chapter 6 presents the results of the

higher load indentation experiments together with a proposed model

to describe the change in hardness with load. Chapter 7 describes the

new observations of ejection from the centre of the indent and pro-

poses a mechanism for this process. Finally Chapter 8 summarises the

achievements and contains suggestions for further work.
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2. Literature Review

This literature review has been divided into two parts. The first sec-

tion is a review of the e↵ects of sintering on the microstructure of

SiC, whereas the second section, the use of indentation to characterise

materials is discussed as well as theories which have been proposed

to explain the observation that the measured hardness decreases with

indent size.

2.1. E↵ects of processing on the

microstructure of SiC

Silicon carbide (SiC) is a covalently bonded material with a theoretical

density of 3.21 Mg m�3. SiC is found in a range of polytypes. Cubic

SiC is known as �-SiC whereas all other crystal structures, including

several forms of hexagonal and rhombohedral, are grouped together

and are known as ↵-SiC. The hexagonal crystal structure also exists in

several types. There are various [4, 5] ways to describe the polytypes.

Ramsdell notation [5] uses a number followed by a letter. The letter

gives information about the crystal structure (i.e. C is for cubic, H
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is for hexagonal, R is for rhombohedral) and the number represents

the number of layers along the c axis per periodic cycle. Di↵erent

polytypes have slightly di↵erent physical, mechanical and electrical

properties [6]. Although a large number of polytypes exist, the most

frequently occuring are 2H, 4H, 6H, 15R and 3C. The di↵erent polytype

structures are schematically shown in figure 2.1.

These polytypes transform from one to another depending on the

sintering additives, temperature and time at higher temperatures [7].

There are two types of mechanisms by which these transformations

take place. The first are slow solid state mechanisms i.e. via di↵usion

or dislocations which are generally found in single crystals whereas the

fast transformation mechanisms occurs through vapour, surface or liq-

uid phase di↵usion and are more common in polycrystalline compacts

and powders. Fast transformation is usually accompanied by other

phenomena such as grain growth. It is di�cult to distinguish between

the di↵erent types of transformation mechanisms experimentally[4].

2.1.1. Boron, carbon and aluminium as sintering

additives

Di↵erent additives are used to enhance the di↵usion to make it easier

to sinter SiC. The most common sintering additives used to densify

SiC are carbon and boron and/or aluminium. Prochazka and Charles

[8, 9] first introduced boron and carbon in the early 70s. Several hy-

potheses explain how boron and carbon help the sintering of SiC. One
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Figure 2.1.: Schematic of four common polytypes of SiC. The change
in the length of c-axis in the unit cell can be observed.
AlN has the crystal structure of 2H.

hypothesis is that boron and carbon introduce defects into the SiC

structure which results in enhanced lattice di↵usion. The hypothesis

formulated by Prochazka and Charles [8] mentions that boron lowers

the grain boundary energy and hence modifies its properties. Gu et
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al. [10] detected boron on the grain boundaries and concluded that

boron plays a double role at the grain boundary for promoting densi-

fication. It improves grain boundary di↵usivity as well as maintaining

a covalent grain boundary by replacing Si and bonding with C from

the SiC compound. This supports Prochazkas hypothesis. However,

the reduction in the grain boundary energy is yet to be verified. Car-

bon increases the self di↵usion of SiC by a factor of 100 [11]. Similar

numbers have been found for boron [12].

The role of boron in sintering of SiC was discussed by Stobierski

and Gubernat [13]. They used various amounts of boron (0 to 4 wt%)

with 3 wt% carbon to sinter SiC and showed that depending on the

amount of boron added, its role changes. The densification increased

with increasing amount of boron until it reached the solubility limit of

boron in SiC. Increasing the boron amount even further lead to discon-

tinuous grain growth and curved grains were considered an evidence

of presence of liquid phase. They found that the optimum amount of

boron at which the process remains solid state and does not lead to

discontinuous grain growth is in the range of 0.2 to 0.5 wt.%. These

findings were supported by the work of Clegg [14] and Maitre et al.

[15].

Addition of boron alone, as found by Ermer and Wieslaw [16] ,

leads to excessive grain growth. The grains elongated to approximately

30 µm. The density increased to 95% with closed porosity. Some

carbon granules were detected within the grains and SiC decomposition

was also detected by 3% weight loss.
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Carbon addition without boron did not change the densification sig-

nificantly. The densities achieved were about 80% of theoretical com-

pared to 70% for undoped samples. However, the porosity was well

dispersed which lead to a higher Weibull modulus. Decomposition of

SiC was less than that of boron-doped samples with a weight loss of

about 1%. Moreover, finer grains with an average size of less than

5 µm were present. Analysis with the EDX showed that grains were

still covered in carbon. When boron and carbon were replaced by

boron carbide, a liquid phase formed due to the reaction between the

boron carbide and the surface silica on the SiC particles. Examples of

the microsctuctures obtained are shown in figure 2.2.

(a) No additives (b) 3 wt% C

(c) 0.5 wt% B (d) 0.5 wt% B, 3 wt% C

Figure 2.2.: The microstructures of samples sintered by Ermer et al.
[16]

When both carbon and boron were added as sintering additives, the

densities achieved were 99% of the theoretical. The grain size was
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relatively smaller with the length of grains in the elongated axis to

be around 30 µm as compared to 100’s of µm in the sample with no

carbon. Ermer andWieslaw [16] concluded that both boron and carbon

have their own roles in helping with the sintering. Boron modifies the

grain boundary properties whereas carbon forms inclusions that limit

the grain growth.

Another role of carbon in sintering was discussed by Clegg [14]. He

proposed that carbon could be used to remove silica from the SiC sur-

face to stop the SiC-silica reaction from taking place. Silica is present

on the surface of the SiC particles because of the oxidation of SiC

[17]. This oxidation varies with particle size and processing condi-

tions. Small particle sizes leads to higher oxygen contents because of

the higher surface area. Exposure to oxygen at high temperature also

leads to enhanced oxidation. The silica-SiC reaction leads to release

of gases from the SiC, which results in porosity and breaking of bonds

that are being formed during sintering. Two possible reactions were

proposed by Clegg [14].

SiO2 + 2SiC = 3Si+ 2CO (2.1)

2SiO2 + SiC = 3SiO + CO (2.2)

Equation 2.1 has Si as its product, whereas equation 2.2 has SiO gas

as its product . When carbon is added, it reacts with the silica and

removes it. This reaction takes place at 1400 �C before the silica-SiC
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reaction becomes thermodynamically favourable so there is no silica

left to react with SiC. Volatile gases still come out of the specimen

however instead of coming out from underneath the silica layer on the

powder as is case with the silica-SiC reaction, gases come out from

near the surface of the powder which does not lead to breaking of the

initial contacts that are formed between the SiC particles. A schematic

explaining the reactions between SiC, SiO2 and C is given in Figure

2.3.

Figure 2.3.: A schematic showing the locations of SiC, silica and C.
Carbon lies outside so reaction between silica and carbon
does not a↵ect the contacts that are forming between SiC
particles unlike SiC-silica reaction.

As shown in figure 2.4 avoiding the SiC-silica reaction leasd to small

well dispersed pores, whereas the SiC-silica reaction causes a disrupted

microstructure to form, which does not heal much during sintering.

Raczka et al. [18] confirmed the results of Clegg [14] that carbon re-

stricts the grain growth in SiC by showing that increasing the amount

of carbon in the sample led to a finer grain size (less than 10 µm and

a higher fracture toughness 5.18 ± 0.46 MPa
p
m. Hardness measured
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(a) SiC with 3 wt% C (b) SiC with 0.5 wt% C

Figure 2.4.: Microstructures of SiC sintered samples containing (a)
3 wt% C and (b) 0.5 wt% C as sintering additives by Clegg
[14]

using Knoop indenter and 10 N load for a sample with 3 wt% C was

23.8 ± 0.44 GPa. However, Ziccardi and Haber[19] has suggested that

it is also important that there is no excess carbon present in the sam-

ple. This is because a common defect found in the materials that

contain carbon is the presence of carbonaceous particulates as can for

example be seen in figure 2.5. These are defects in the material and

lead to detrimental mechanical performance. Any badly mixed carbon

can lead to similar sorts of defects. Ziccardi and Haber [19] reported

as much as a 20% reduction in hardness as a result of increasing excess

carbon. However, the authors did not comment on the grain size in re-

lation to the changes in the excess carbon amount. Increasing amounts

of excess carbon also lead to higher scatter in the hardness data. This

might be due to not being able to achieve homogeneity with higher
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carbon contents.

Figure 2.5.: 1 wt% excess carbon. Carbon inclusions are defects in the
material (shown by arrow). Image taken from Ziccardi and
Haber [19]

Ziccardi and Haber [19] argued that similar compositions of SiC sin-

tered under identical conditions give di↵erent mechanical properties

and microstructures because of the various forms of carbon applied

by di↵erent manufacturers. These include, carbon black, resins, sur-

factants and even carbon nano-tubes. They behave quite di↵erently

during sintering and so produce di↵erent microstructures.

The sintering with boron and carbon is solid state sintering since no

evidence for the presence of liquid is found in the final microstructure.

The typical temperatures for this sintering are in the range of 2000 �C

to 2200 �C.
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Usually carbon and boron doped SiC has fine grained (1-4 µm) and

equiaxed microstructure [9]. It has good high temperature creep and

oxidation resistance [20]. However, it su↵ers from very low fracture

toughness (3-4 MPa
p
m) [21] although carbon and boron are known

to encourage the � to ↵-SiC transformation which can induce the for-

mation of elongated grains.

To reduce the sintering temperature as well as to increase the frac-

ture toughness, aluminium (Al) in combination with boron and carbon

have been used to sinter SiC. Together this system of additives is known

as ABC-SiC system. The idea was that Al will reduce the amount of

sintering additives neded to sinter SiC hence improving its high tem-

perature properties. The addition of Al lead to an improvement in the

fracture toughness and a fracture toughness of 9 MPa
p
m was reported

by Cao et al. [22] for a �-SiC starting powder. The transformation

from � to ↵-SiC lead to elongated grains resulting in higher toughness

due to crack bridging.

The amount of Al added has an impact on the microstructure and the

resulting mechanical properties. Zhang et al. [23] found that increasing

Al from 3 wt% to 5 wt% resulted in an increase in the aspect ratio

from 4.7 ± 1.6 to 23.2 ± 6.8. However, the proportion of elongted

grains decreased until the amount of Al reached 7 wt% where elongated

grains disappeared. The sample with elongated grains had fracture

toughness valuse in excess of 5 MPa
p
m. The toughness decreased

to 3.8 MPa
p
m for the quiaxed sample measured using indentation

fracture toughness with indents made using 10 kG load. Zhang et al.
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[23] also found that the high toughness was linked to the presence of

amorphous film present on the grain boundaries which they observed

using High Resolution Transmission Electron Microscopy (HRTEM).

Hardness measured using 4.9 N load were similar to the hardness of

boron and carbon system [18]. However, the standard deviations of

the hardness results were not mentioned by Zhang et al. [23]. Work

of Pabit [24] showed that the addition of Al lead to a reduction in

hardness from 25 GPa to 20 GPa when measured using Vickers indenter

and 1 Kg load. Ray et al.[25] also found that there was a drop in

hardness from 20 GPa to 13 GPa with a decrease in the amount of

Al from 0.6 wt% to 4 wt%. He suggested that this is due to the

formation of the intergranular film which allows the grains to slide.

This film has been suggested to increase the toughness (from 2.7 ± 0.1

to 6.1 ± 0.3 MPa
p
m [25]) of SiC [23].

As the amount of Al was increased above 4 wt%, the hardness in-

creased again but the toughness dropped. Hence there is a trade o↵

between high hardness and high toughness as can be seen from figure

2.6. Al seems to discourage the � to ↵-SiC transformation by forming

a film on the grains; however it does encourage the transformation of

6H into the 4H polytype[4].

49



Figure 2.6.: Literature data from various researchers [24, 26–28] sug-
gesting a trade o↵ between hardness and toughness of SiC.

2.1.2. Alumina, yttria and silica as sintering

additives

The motivations to use oxides (alumina Al2O3, yttria Y2O3, silica SiO2)

as sintering additives were to reduce the sintering temperature as well

as to increase the toughness of SiC. The toughness was found to im-

prove through the addition of a secondary phase. Kim and Kim [29]

found that increasing the amount of secondary phase leads to increased

crack deflection angle resulting in increase in fracture toughness.

Chen [30] found that addition of oxides into SiC as sintering aids

makes SiC tougher. His argument was that in liquid phase sintering,
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these oxides form a secondary phase on the grain boundaries and trip-

ple junctions. There is a thermal expansion mismatch between both

phases and as a result internal residual stresses are present. These

lead to a weaker interface and hence the fracture mechanism is in-

tergranular. Extensive crack deflection occurs during failure, which

increases the toughness of SiC compared to the SiC doped with boron

and carbon.

Omori and Takei [31] developed liquid phase sintered silicon carbide

(LPS-SiC) in 1980s. According to Liu and Fu [32], Omori and Takei

were the first to use alumina and yttria as sintering additives. Since

then a number of oxide mixtures have been tried. The main advantage

of Liquid Phase Sintered (LPS) SiC is considered to be greater control

over microstructure and hence mechanical properties. The basis of

this microstructure control is linked to the � to ↵-SiC transformation;

however, this transformation is linked to the ratios of ↵ to �-SiC in the

starting powders. Additive system, temperatures and other sintering

conditions also play a role in this transformation. This transformation

is important for fracture toughnessbecause transformation from � to

↵ normally leads to elongated grains.

Alumina reacts with the surface silica and forms a liquid. It also

forms an oxycarbide melt at higher temperature due to the dissolution

of SiC [33]. Chen [30] also found that sintering at high temperatures

for longer times lead to decomposition of SiC. They concluded this

by observing the presence of large pores present near the surface of

the samples. The decomposition of SiC during sintering with Al2O3
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was also observed by Ihle et al. [34]. They suggested that the reaction

products include CO, SiO, Al2O3 and Al based on the weight loss. The

possible reactions are given below.

Al2O3 + SiC = Al2O(g) + 3SiO(g) + CO(g) (2.3)

3Al2O3+5SiC(solid) = Al2O(g)+3SiO(g)+5CO(g)+3Al(melt)+Al(gas)+2Si(melt)

(2.4)

Equation 2.3 was proposed by Lee and Kim [35] whereas equation

2.4 is given by Ihle et al. [34]. Similar reactions to Ihle et al. [34]

were also observed by Gomez et al. [36] when Al2O3 was added in

conjunction with carbon.

Ihle et al. [34] also showed that if the sintering is carried out in

CO environment then the SiC-Al2O3 reaction can be suppressed. This

shows that CO is indeed one of the reaction products.

If Y2O3 is used as a sintering additive then appreciable gas phase

reaction with SiC is not detected. It also does not form enough liquid

phase for complete densification. Ihle et al. [37] found that depend-

ing on temperature and atmosphere, silicon carbide and yttrium oxide

react to form silicides and yttrium carbides. These can result in the

decomposition of the samples after sintering. However, these reactions

can be suppressed if an Ar/CO atmosphere is used.

Chen [30] also found that using Al2O3 on its own does not yield
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good results because liquid phase does not form below 2060 �C which

is the melting point of alumina. However, if it is used in conjunction

with yttria in a ration consistent with the eutectic in the alumina-yttria

system then liquid phase is observed at lower temperatures which helps

with the densification. The formation of an yttrium-aluminium-garnet

(YAG) phase was observed on the grain boundaries which is believed to

improve the toughness of SiC. A toughness value of about 8 MPa
p
m

was reported by Lee and Kim [35]. However, the problem of weight

loss remained. This weight loss can be reduced by reducing the time

spent at higher temperatures but then � to ↵-SiC transformation will

not have time to occur extensively and therefore the desired elongated

grains will not form. Another solution is the use of a powder bed.

The powder bed is present to preferentially decompose in place of the

sample. While powder beds are e↵ective in reducing weight loss, they

make the processing complicated and are di�cult to combine with

pressure assisted densification methods.

Strecker et al. [38] showed that the use of yttria and silica as a

sintering additive system is inadequate to densify SiC as silica reacts

with SiC hence there is none left to influence densification at the sin-

tering temperature. Clegg [14] found that this reaction is complete at

1900 �C and the reaction is detrimental to the densification.
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2.1.3. Use of aluminium nitride (AlN) as a

sintering additive

The use of AlN as a sintering additive has been either as a replace-

ment for Al in the ABC-SiC system or as a replacement for Al2O3 in

the liquid phase sintering of SiC. The reason for the use of AlN as a

replacement for Al in the ABC system is to improve the hardness of

the ceramic which Ruh and Zangvil [39] reported to be around 26 GPa

(converted from Knoop hardness using 700 g of load) but it results in

slightly lower toughness values 4.5 MPa
p
m . This was beneficial for

the cutting tool and armour applications of SiC. Adding Al resulted in

higher toughness (9 MPa
p
m) [22] but the hardness was a↵ected [24].

Equiaxed grains on the other hand improved hardness.

The reason for the replacement of Al2O3 by AlN was to reuduce

the weight loss during sintering and hence the need for a powder bed.

Strecker et al. [38] observed that the weight loss with Al2O3/Y2O3

system was much more severe than the weight loss associated with the

AlN/Y2O3 system. The first to try AlN as a sintering additive for SiC

were Storm and Chia [40]. They found that a powder bed was not

required with AlN. However, Rixecker et al. [41] showed that thermal

decomposition also takes place but it can be successfully suppressed

by a slightly higher partial pressure of nitrogen without the need for a

powder bed. They showed that a fracture toughness of 8 MPa
p
m can

be achieved at high temperature by LPS-SiC because of anisotropic

grain growth of ↵-SiC shown in figure 2.7. This toughness figure is in
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agreement with the figure of 8 MPa
p
m reported by Lee and Kim [35]

who used Al2O3-Y2O3 additive system.

Figure 2.7.: Liquid phase sintered alpha-SiC. Image taken from Rix-
ecker et al. [41]. Presence of Liquid phase on the grain
boundaries can be seen as a bright phase. Additionally,
inside the grains a brighter rim surrounds darker cores.
Core and Rim has been pointed out by the arrows.

Another interesting feature of the microstructure in figure 2.7 is the

presence of a ’core-rim’ structure. Various explanations are given for

the presence of this structure. The explanation given by Rixecker et al.

[41] was that the rims are slightly richer in oxygen. This oxygen could

be present due to the silica on the surface of the SiC or due to oxida-

tion of the AlN and or due to the added yttria. Another explanation

could be that the rim is evidence of the formation of AlN-SiC solid so-

lution, which has been reported in literature frequently [7, 39, 42–47].
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The formation of this solid solution between AlN and SiC has received

a lot of attention as a controlling mechanism of the microstructure

and properties of SiC. The phase diagram (see figure 2.8) also suggests

that di↵erent polytypes are stable at di↵erent compositions and tem-

peratures. Strecker et al. [38] did not see this transformation. and

attributed this to the short time (30 minutes) spent at sintering tem-

perature, i.e. there had not been enough time for the transformation

to take place.

Attempts have been made to use AlN as a replacement for yttria in

the alumina-yttria system of SiC sintering additives. The motivation

was that alumina is known to form the elongated grains whereas AlN

promotes finer equiaxed microstructure, so their combination could

provide a composite microstructure. [48]

Pan et al. [42] found that AlN and SiC form a solid solution at

around 1800 �C. High densities were achieved by pressureless sintering

at 2100 �C for 1 hour in an Ar atmosphere. They argued that since

the vaporisation rate of AlN far exceeds that of SiC, AlN particles

would redistribute and deposit on the surface of SiC grains. This pro-

cess continues until all the AlN particles disappear and allows a layer of

AlN-SiC solid solution to form on the edge of the SiC grains. They also

argue that this restricts the grain growth of SiC grains in the directions

which were coated with AlN-SiC solid solution. So the final grain shape

was elongated. Pan et al. [42] argued that AlN will completely di↵use

into SiC grains provided enough time at temperature is allowed. Oth-

erwise, the solid solution only forms near the grain boundaries. They
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identified the SiC grains to be of the 4H type, a bending strength of

420 MPa and fracture toughness to be 4.40 MPa
p
m. According to the

tentative phase diagram by Zangvil and Ruh[7] given in figure 2.8 the

formation of this solid solution results in the polytype transformation

of SiC from 6H to 4H. Increasing the amount of AlN leads to more and

more transformation until eventually there is complete transformation

from 6H to 2H which is the normal hexagonal stacking sequence and

also the crystal structure of pure AlN.

Figure 2.8.: Tentative SiC-AlN phase diagram given by Zangvil and
Ruh [7].

It has been reported that the rims have slightly lower hardness com-

pared to the cores of SiC[49, 50] suggesting that perhaps cores are

pure SiC whereas rims are enriched with impurities leading to a reduc-

tion in hardness. Balog et al. [49] found that there was a di↵erence
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of around 2 GPa between the nano-hardness of cores and rims of SiC.

However, the indent size was small (3.5 mN load) making it more prone

to measurement error espacially when such small indents are made on

a rough etched surface near grain boundaties, which were not defined

in the paper. Their data suggested that, in fact, the hardness of cores

and rims was similar. There were only a few indents available for

the examination and some of them were found to be near the grain

boundaries.
532 M. Balog et al. / Journal of the European Ceramic Society 25 (2005) 529–534
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Fig. 5. Nano-hardness of liquid phase sintered SiC.

in Fig. 7. The general trend Hg > Hgb can be taken only
into account, not the absolute values of grain boundary hard-
ness. A certain part of the “grain boundary imprint” is also
in the SiC grain, rising the value of Hgb. On the other hand,
the nanohardness values of SiC grains are influences by the
grain boundaries. It was shown that in the case of SiC the
diameter of the plastically deformed zone beneath the indent
is about five times the lateral width of the observed perma-
nent indent.15 In our case many of the nano-indents are lo-
cated close enough to the nearest boundary and incorporate
the interface effects. Due to these effects the real value of
Hg and Hgb should be slightly higher resp. lower, compared
with the data shown in Fig. 5.
As it was mentioned above, all samples had a core–rim

structure and an example is shown in Fig. 8a. Different
properties can be expected owing to the different chem-
istry of the core and rim. The elemental composition of
the core–rim structure of all samples was investigated by

Fig. 6. AFM image of sample SC!-Y after 10 h annealing.
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Fig. 7. Nano-hardness of SiC grains and the grain boundaries (GB) after
10 h annealing.

EDX analysis. The core consists of Si and C (Fig. 8b),
while the rim contains also a small amount of aluminium.
There exist a solid solution between SiC and AlN, which
caused the incorporation of aluminium into the rim dur-
ing the dissolution-reprecipitation process. The formation of
SiC–AlN solid solution affects the properties of sintered SiC,
namely decreases the hardness. The lower micro-hardness
of SiC grains in the presence of Al is in agreement with the
results of Ruh and Zangvil.16 These authors described that
the micro-hardness values decreased linearly in the SiC–AlN
solid solution region with increasing AlN content. Similarly,
Sigl and Kleebe reported that in the case of liquid phase
sintered SiC using Y2O3 sintering additives Y was incorpo-
rated into the shell.13 This effect was not observed in the
present study.
Although only a few indents were possible to realize into

one grain at 3.5mN load (Fig. 4), the obtained data give in-

Figure 2.9.: Nano-indentation hardness data for the grain bundaries
and the bulk of grains from Blog et al. [49]. x-axis refers
to various sintering additives and techniques used. (see
[49] for details)

Balog et al. [49] also reported that there was no e↵ect of grain bound-
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ary phases on the nano-hardness of SiC. It was also found that the hard-

ness of rims depended on the concentration of AlN in the rims by Ruh

and Zangvil[39] who measured the hardness through micro-indentation

using a Knoop indenter at 700 g load where perhaps cracking was influ-

encing the indent size. However, secondary phase results in reduction

in hardness of SiC due to the micro-cracking due to residual stresses

arising from the di↵erences in the thermal expansion coe�cients be-

tween various phases[51]. This is why Huang et al. [52] proposed that

the minimum amount of additives should be used but the importance

of high homogeneity was stressed.

Pabit et al. [26] hot pressed 14 compositions of SiC, AlN, C, B

and B4C at between 1900 �C and 2200 �C. Carbon was added in the

form of phenolic resin, while all other materials were in powder form.

Samples that did not contain carbon and boron carbide reached 99.5%

of theoretical density. Aluminium resulted in large grains compared to

addition of AlN, which restricted the grain growth and closed the pores

at lower temperature. Increasing the sintering temperature lead to

grain growth in the samples that did not contain any sintering additives

apart for 1.65 wt% pure Al as shown in Figures 2.10 and 2.11.

Polytype studies on the samples containing Al suggested that in-

creasing the sintering temperature lead to the transformation of SiC

from 6H to 4H which was in agreement with the work of Page [4].

The 6H to 4H transformation increased by increasing the amount of

Al whereas increasing the amount of AlN actually lead to a reduction

in the amount of transformation of polytypes from 6H to 4H. This is
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Figure 2.10.: Microstructure of sintered SiC samples containing
2.5wt% AlN and 0.5wt% boron carbide with and without
carbon. Carbon additions lead to finer grains. Presence
of a grain boundary phase is visible. Images from Pabit
et al. [26].

Figure 2.11.: The e↵ect of temperature on microstructure. Increase in
temperature leads to grain growth. Images from Pabit et
al.[26]. Again a grain boundary phase is present

not consistent with the work of Zangvil and Ruh [7] according to which

6H polytype of SiC should transform to 4H at the compositions tested

under equilibrium conditions. There was no polytype transformation

for the sample that did not contain Al in any form.

Pabit [24] found that SiC with Al additives sintered at higher tem-

peratures had elongated grains (see Figures 2.10 and 2.11) which were

capable of bridging cracks and hence enhance the toughness. However,

B4C and C addition or Al added SiC sintered at lower temperatures
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lead to equiaxed grains. SiC-AlN had predominantly intergranular

fracture but its toughness was lower than the Al doped sample due

to the absence of elongated grains. SiC with 2.5 wt% AlN and B4C

and C showed low toughness (3.5 ± 0.1 MPa
p
m and it failed primar-

ily through transgranular crack propagation. Fracture toughness was

found to be correlated to the product of the aspect ratio times the

square root of the grain size times the volume fraction of the bridging

grains assuming that all the intergranular grains bridge the crack in

line with the model developed by Zenotchkine et al. [27].

In conclusion, where AlN is used as a replacement for Al2O3 in mixed

oxide sintering additive systems, it reduces the weight loass by not re-

acting with SiC so readily but is still capable of forming liquid phase by

reacting with other oxides present in the system. When ALN replaces

Al in sintering additives consisting of combination of Al, boron and/or

carbron and B4C, it is less clear how its presence influences sintering.

In these systems, the presence of AlN instead of Al appears to re-

duce the formation of elongated grains and therefore also enhances the

hardness.

2.1.4. E↵ects of sintering schedule on sintering

and microstructure of SiC

It is not just the additives that determine the microstructure in the

final product. As mentioned earlier, Pan et al. [42] and Pabit et al.

[26] have found that the time spent at sintering temperature can have
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an e↵ect on the microstructure as well as the sintering temperature

itself. Also it has been suggested by Ray et al. [47] that the heating

rate influences the densification curves in pressure assisted sintering.

Time spent at sintering temperature increases the grain size [26]

whereas increasing the sintering temperature also leads to coarser grains

[26, 53, 54]. Intermediate dwells are used to allow certain reactions to

reach completion and to allow the gaseous products of these reactions

to escape [14].

Ray et al. [47] found that increasing the heating rate during sin-

tering of SiC by 15 �C min�1 results in an increase of 100 �C in the

densification temperature. They also observed a change in microstruc-

ture as a result of the change in heating rate. Zhou et al. [55] also

reported that faster heating rates (400 �C min�1) favoured the 4H poly-

type. They carried out their experiment using Spark Plasma Sintering

(SPS) method.

SPS is a non-conventional sintering technique. It is known by varous

names including Field Assisted Sintering Technique (FAST) and Pulse

Electric Current Sintering (PECS). while the formation of a plasma

during the process is debatable, the term SPS will be used in this

thesis as it is still the most widely recognised acronym to describe this

method of sintering.

The principle of operation of SPS is that an electric field is applied

across the sample and the current passes through the powdered par-

ticles. A very good review of SPS is given by Munir et al. [56]. The

resistance in the contacts between particles generates heat (Joule heat-
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ing) where heating rates of up to 600 �C min�1 can be applied. Sinter-

ing can be carried out at lower temperature due to the application of

heat concentrated at the contacts between particles. If the powdered

particles are non-conducting than the current passes through the die

containing the powder and gets hot, which then acts as a heating el-

ement. This is similar to conventional hot pressing where the heat is

applied to the die which than heats up the powder inside. Pressure can

also be applied in SPS. This fast processing method is helpful if the

formation of secondary phases is to be avoided during sintering [57].

Maitre et al [15] showed that SPS can be used to sinter SiC without

using sintering additives. They reached relative densities of 97.5%

by sintering SiC at 1950 �C for 5 minutes. The heating rates used

were 100 �C min�1 and the load of 100 MPa. Reducing the load to

40 MPa, the heating rate to 40 �C min�1 and the sintering temperature

to 1850 �C resulted in a reduction in the density of pure SiC to 92%.

They argued that these results are due to the characteristics of the SPS

heat treatment such as self heat generation because of microscopic

electric discharge between the particles which results in high speed

mass and heat transfer. This results in transport only occurring at the

particle surfaces and contacts. Also the rapid densification could be

correlated to the mechanisms with faster kinetics such as di↵usion or

time dependent processes such as plastic deformation.

Their Transmission Electron Microscopy (TEM) results showed fine

equiaxed grains and the polytype was found to be primarily 6H. The

short time span did not allow excessive grain growth. However, the
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Figure 2.12.: TEM micrographs obtained on the samples sintered by
SPS. (a) Pure SiC(6H polytype di↵raction pattern in the
bottom right hand corner), (b) SiC+C+B. Images from
Maitre et al. [15]

addition of free boron and free carbon led to even higher relative den-

sities (98.8%). Spatially resolved Electron Energy Loss Spectroscopy

(EELS) of the grain boundary showed that in the case of free boron, a
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monolayer of boron was present on grain boundaries which enhanced

grain boundary di↵usion. This helps in sintering. It also promotes

point defects in ↵-SiC lattice which again enhances di↵usion. In the

case of boron carbide, it forms a liquid phase by dissolving the silica

present on the surface of the SiC powder particles. This liquid phase

was present on the grain boundaries and enhanced the grain bound-

ary migration. It promoted abnormal grain growth as well. They also

agreed that the addition of free carbon leads to the reduction of surface

silica as was claimed by Clegg [14]. The TEM images from Maitre et

al. [15] are shown in 2.12.

Another interesting observation from the literature on the SPS sin-

tering is the apparent reduction in the sintering temperature [58]. Lee

et al. [58] reported sintering SiC using SPS at 1670 �C using 40 MPa

pressure as compared to 1950 �C using pressureless sintering. Zhou

et al. [55] sintered SiC with aluminium carbide and boron carbide at

1600 �C using 47 MPa pressure. However, it is not clear whether it is

due to the applied pressure which is usually very high compared to the

pressure applied in a hot press or if it is due to the temperature inside

the die being higher. The temperature is usually measured from the

surface of the die with a pyrometer which would be significantly lower

then the actual temperature at the particle contacts.

Attempts have been made to either measure or calculate the actual

temperature of the powder inside the die. Molenat et al. [59] tried to

use FEM to predict the temperature inside the die during the sintering

using SPS. They carried out sintering using three di↵erent materials be-
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longing to conductors (TiAl), insulators (Alumina) and semi-conductor

(SiC) catagories of materials to see the e↵ects of conductivity of the

samples on the temperature di↵erences between outside and inside the

die. They measured the temperature on the outside using a pyrometer

whereas the temperature inside the die for TiAl was measured using

the phase transformation in this material which takes place above a

specific temperature. The temperature inside the die for alumina was

measured by K-thermocouples were placed at various distances away

from the sample. The temperature measurements inside the die for

SiC were carried out using a platinum thermocouple. They found the

di↵erences between the temperature of the external wall of the die and

the sample to be around 100 �C. They also showed that the di↵erence

in the temperature was more (4.2%) for the semi-conductor material

compared to the insulator and conductor materials (2.2%). However,

the results of a temperature study by Yucheng and Zhengyi [60] found

that actually the temperature di↵erence between the inside and the

outside of the die for a conducting material is lower then that of semi-

conductor and insulator. For the later , the di↵erence may reach values

as high as 450 �C under certain conditions. They measured the tem-

peratures of the inside of the samples using thermocouples in the centre

of the samples as well as on the boundary between the sample and the

die as well as on the outside of the die. Tiwari et al. [61] also agree

with the conclusions of Yucheng and Zhengyi [60] with regards to the

temperature di↵erences between inside the sample and the die being

more for insulators than a conducting materials. Grasso et al. [62]
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studied the e↵ects of pressure on the temperature distribution during

the spark plasma sintering. They found that increasing the pressure

leads to small reduction in the temperature distribution.

2.2. Use of indentation tests to measure

mechanical properties

2.2.1. What is hardness?

Measuring hardness is quite simple and has been performed for over a

hundred years [63]. Moh’s introduced a set of 10 materials and defined

the hardness of a material by checking which of the reference materials

could scratch it. Since then hardness has beeen characterised using

various indentation tests which are similar in practice.

Typically, an indenter is pushed into the surface of a sample with a

certain load and the size of the impression left by the indenter on the

surface is measured. Then the hardness is simply defined as applied

load over the (projected) area of this impression; which is given by

equation 2.5.

H =
F

A
(2.5)

where F is applied load, H is hardness and A is the projected area of

the impression on the surface of the sample.

A range of indenters have evolved historically: the Vickers pyra-
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mid, the Berkovich pyramid, spheres, and elongated pyramaids such

as Knoop. Di↵erent indenter shapes give di↵erent hardness values for

the same applied load [64, 65]. The most commonly used geometries

for ceramics are four-sided Vickers, three-sided Berkovich and Knoop

indenters. For the former two, the projected area increases in the same

way with distance from the tip of the indenter and therefore they are

often considered to be equivalent. Assuming perfect tip shapes, the ex-

pressions for Vickers indenter and Berkovich indenter shapes are given

in equations 2.6 and 2.7 respectively [66].

A = 4h2tan2✓ (2.6)

A = 3
p
3h2

t tan
2✓ (2.7)

where A is the area of indent, ht is depth of the indenter and tan ✓

is the half angle of the indenter tip. The angle for vickers is 68� and

for berkovich is 65.3�. If these angles are put into their respective

equations then the resultant expression is the same for both of them.

This makes both equations 2.6 and 2.7

H =
F

24.5h2
t

(2.8)

where H is the hardness, F is the applied load in Kg and h is the

depth of the indenter.

The use of a three sided Berkovich indenter is preferred over the
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4 sided Vickers indenter for nano-indentation since it is practically

impossible to grind a four-sided pyramid which meets perfectly at a

single point.

The knoop indenter [67] is also used to measure the hardness. It is

similar to the Vickers indenter except that the Pyramid has unequal

lengths such that one diagonal is 7 times smaller then the other. It is

used for studying highly brittle materials as it causes less damage then

the Vickers indenter.

A spherical indenter is also used sometimes. Spheres also reduce the

chances of cracking due to lack of stress concentrators [68]. However,

the depth to area ratio is not constant due to its spherical shape [66].

It is also dificult to measure the area accurately due to the lack of

corners.

Micro and macro indentation is carried out using Vickers indenter

tips where the load applied is large and the impression left on the

surface of the sample can be measured using an optical microscope

hence hardness can be measured. On the other hand, nano-indentation

is used where small loads are applied and the size of the indent is

measured through the knowledge of the shape of the tip and the depth

it goes into the solid using depth sensing techniques. This method was

developed by Oliver and Pharr [69]. This method also calculates the

sti↵ness of the material using the initial slope of the unloading curve.

The plastic deformation during indentation has been used quite ef-

fectively to measure the yield stress of the material. Various attempts

have been made to link the hardness with the yield stress of the ma-
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terial. The validity of these models, however depends on the ratio of

sti↵ness to yield stress of materials. Tabor [63] went as far as to say

that hardness is simply the measure of the yield stress in metals and

he found that hardness is 3 times the yield stress. Swain and Hagan

[70] argued that the plastic deformation in a brittle material can be

observed at room temperature giving as an example a scratch test on

glass.

However, apart from the plastic and elastic deformation, hardness

can also be influenced by phase transformation [71–74], densification

[75], or porosity [76] in the sample.

Cracking has been observed in ceramics during and after the inden-

tation. This cracking has been used to measure the toughness [21],

[77], as well as to measure the defect distribution [78].

2.2.2. Measuring the resistance to plastic flow

Tabor [63] pointed out that mean pressure between the indenter and

the sample (in his case a metal) can be used to measure the hardness

as pressure is simply load over the area. Since the impression made

in the metal is permanent, he argued that there must be a connection

between the mean pressure and yield stress.

Tabor [63] argued that the indentation process is similar to the com-

pression test where only 1/3rd of the hydrostatic pressure is used in

the plastic deformation. He [63] also noticed that work hardening takes

place when the metals deform during the indentation process hence as
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the strain increases, yield stress increases. Therefore, he carried out

experiments on work hardened metals in the region where yield stress

is nearly independent of the plastic strain and found that the hardness

for metals is 3 times the yield stress for a rigid perfectly plastic solid.

It is used quite commonly to calculate the yield stress from hardness

in metals. However, Marsh [79] from his work on brittle glasses found

that perhaps Tabor’s approximation for yield stress and hardness is not

true for ceramics due to their high yield strength relative to their elastic

modulus. He concluded that the conversion factor between hardness

and yield stress depends on the plastic flow in that particular material.

While Marsh [79] o↵ered an explanation for thecause of the change,

he was not capable of quantifying the e↵ect and had to resort to fit-

ting to experimental data. Johnson [80] introduced a di↵erent treat-

ment and predicted that the proportionality between hardness and

yield strength would depend on yield strength to elastic modulus and

the inclination angle of the indenter.

Finite element calculations carried out by Cheng and Cheng [81]

tried to find the middle way between the Johnson [80] and Hill et.

al.[82] work. They carried out simulations of indentation with vari-

ous yield stresses and Young’s modulus values. They confirmed that

the ideas following on from Marsh [79] were correct but none of the

descriptions was very accurate. Vandeperre et al. [83] introduced a

di↵erent modification to the expanding cavity model to account for

the lower amount of material displaced with Y/E increases due to sur-

face deformation. Their treatment agreed reasonably with the finite
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element calculations of Cheng and Cheng [81] for ceramics.

The relationships between yield stress and hardness has been found

for various classes of materials including ceramics. This can be ex-

ploited to measure the yield strength of ceramics near room tempera-

ture, which is very di�cult to do in any other way.

2.2.3. Measurements of toughness

Any process that induces cracks to form, should in principle also allow

to measure the resistance to crack propagation. Since in ceramic ma-

terials, cracking near indents is very common, it is not surprising that

methods have been developed to determine the toughness of ceramics

from indentation cracks. The process of crack formation and propaga-

tion has been explained by Lawn and Wilshaw [84] and is summarised

below.

Firstly, cracks have to initiate and then in a second stage these cracks

propagate. The initiation of the cracks is either from pre-existing flows

or from a stress concentration. Sharp indenters such as Vickers or

Berkovich indenters cause a strong stress concentration near their top

and therefore generate cracks at lower loadsciteMorris:2004th. In the

case of a sharp indenter (conical, pyramidal) the crack starts from

the bottom of the indent roughly from the edge of the plastic zone

as the tensile stresses there are highest. As the load is increased, the

crack grows. This crack is known as the median crack. In the next

stage when the unloading starts, this median crack closes and the side
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branches from the median cracks grow. These cracks eventually end

up on the surface and are a cause of chipping. These cracks are known

as lateral cracks. Various median cracks can appear at the same time

depending on the flows as well as the loading and stresses forming a

star like pattern on the surface and various chippings [84].

Another type of cracking is the cracks on the surface. They form

during loading as well as after the unloading from the corners of the

indents. If the cracks only exist near the surface, they are known

as lateral cracks of the Palmqvist type. Sometimes these cracks join

up underneath and through the indent and are then termed half-penny

cracks. Schematic of various cracking systems are shown in figure 2.13.

Cracking from the indentation is an indication of the toughness of

the material. Shorter cracks occur in tougher materials. This has been

exploited by various researchers to find the indentation toughness of

the material through the method of indentation. The main motivation

has been the relative ease of the testing method unlike other traditional

toughness measurement methods of 3 point and 4 point bending tests

and the problem of introducing a sharp notch. Also it is useful in

measuring the toughness of small samples where traditional toughness

measurement methods cannot be applied [86].

Various equations have been derived linking size of the indent, crack

lengths, load applied and modulus of the material. Dub and Maistrenko

[87] have reviewed the expressions used for measuring toughness. Var-

ious researchers [77, 88–94] have found relationships between the crack

lengths c, size of indent a, hardness H, modulus E, and applied loads
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Figure 2.13.: A schematic of various cracks that are formed in and
around the indent during and after the indentation. Im-
ages taken from Cook and Pharr [85]
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F. Lewis et al. [95] proposed the equation 2.9

K1C =
✓
1

7

◆
· F
c

3
2

(2.9)

where K1C is fracture toughness, F is the applied load and c is crack

length measured from the centre of the indent.

However, more advanced equations incorporate the hardness and the

size of indent to measure the toughness.

Most commonly used methods include the method of Niihara [96]

and Anstis et al.[77] given in equations 2.10, 2.11 and 2.12. How-

ever, these di↵erent equations and models make di↵erent assumptions

related to the crack systems.

K1C = 0.016 ·
s
E

H
· F
c

3
2

(2.10)

where E is youngs modulus, H is hardness, F is applied load and c

is the crack length.

The value of 0.016 has been calculated from fitting the literature

data onto the model. It is only valid in a specific load regime. For

better accuracy of the results, calculation of this fitting parameter will

have to be carried out for the material being tested in the appropriate

load regime.

Niihara [96] tried to solve this problem by deriving two separate

equations for two di↵erent crack systems.Niihara [96] found that in the

presence of Palmqvist cracks, the correlation between crack lengths, c

and the toughness was better using

75



K1C = 0.018Ha
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(2.11)

whereas when the crack system becomes a half-penny crakc-which

requires higher loads

K1C = 0.028Ha
1
2

✓
E

H

◆ 1
2

·
✓
c

a

◆�3
2

(2.12)

is a more accurate expression, where E is modulus of the material.

Niihara [96] developed the equations for the short Palmqvist cracks

that have low c/a ratios.

These last two equations 2.12 and 2.11 are used most often for mea-

suring indentation.

Their experiments showed that equation 2.12 correlates well with

the data where the c/a ratio are greater then 2.5 whereas the equation

2.11 correlates well with the data where the c/a ratio is less then 2.5

(i.e. short cracks). This gets more complicated as the crack systems

change with increasing load. Palmqvist cracks get longer with load

and eventually become ’half-penny’ cracks as was found by Jones et

al. [97]. The use of this equation requires detailed knowledge of the

crack system present in the sample at the load at which the toughness

measurements are being carried out. It makes this test complicated.

2.2.4. Indentation size e↵ects

Measured hardness drops with increasing the load [49]. This simply

means that the ratio of size of indent and load is not constant. This
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reduction in hardness with load and therefore also with the size of the

indent is termed the Indentation SIze E↵ect (ISE)[49]. Although the

initial work on plastic deformation did not predict the drop in hardness

when it is controlled by plastic flow [63] however, Tabor [63] did find

an increase in hardness with reduction in load in metals. He argued

that the surface of metals is harder then the bulk. When small loads

are applied, only the surface layers are being indented and hence the

higher hardness. Since then, various explanations have been given in

the literature. A few approaches used to quantatively describs ISE are

Mayer’s power law([98] (equation 2.13), Proportional Specimen Re-

sistance (PSR) (equation 2.14) Modified Proportional Specimen Resis-

tance (MPSR) [99], Elastic recovery theory [100] and Hays and Kendall

approach [101].

Mayer’s ([98] power law is data fitting model to describe the rela-

tionship between the hardness and size of indent

F = 'd⇠i (2.13)

where F is the applied load, d is the length of diagonal, ' and ⇠ are

fitting parameters. Li and Bradt [102] suggested that the load and

diagonal of the indent are related through a polynomial relationship

given in equation 2.14

F = a1di + a2d
2
i (2.14)

where F is applied load, di is length of indent diagonal and a1 and
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a2 are parameters constant for material related to elastic and plastic

deformation properties respectively [103].

Gong et al. [99] proposed that PSR model could be improved by

adding an extra a0 term to take residual surface stress into account.

This (MPSR) model is given in equation 2.15

F = a0 + a1 · di + a2 · d2i (2.15)

Hays and Kendall [101] suggested a minimum load in Knoop hard-

ness above which the permanent deformation takes place. However,

perhaps this model is valid for very small laods (in mN scale) and it

does not describe the ISE at micro or macro indentation region.

Elastic recovery theory is based on the elastic recovery of the indent

once the indeter is removed. Tarakanian et al. [100] suggested that the

measured indentation size should be corrected for this elastic recovery

using the following equation 2.16.

He = ⌥
F

(di + die)2
(2.16)

where He is the hardness corrected for the elastic recovery, die is

the correction in the indent size di due to the elastic recovery, ⌥ is

a constant which depends on the shape of the indeter tip and F is

applied load. However, they did not comment on its applicability at

higher loads. It does not explain the indentation size e↵ects.

Various Plastic flow controlled ISE have been proposed. These in-

clude the theory of Strain Gradient Plasticity [104], Dislocation Starva-
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tion Theory, elastic recovery theory [103] and the deformation through

discrete bands proposed by Bull et al. [98].

Strain Gradien Plasticty (SGP) has been used as an explanation for

indentation size e↵ects.[104–108]. Fleck et al. [105] proposed that in-

crease in hardness at the smaller depths in metals can be explained

by the large strain gradient which necessitates the formation of ge-

ometrically necessary dislocations. Gao and Huang[104] has defined

them as the dislocations necessary to acccomodate the lattice curva-

ture in the event of non uniform plastic deformation. The density of

these dislocations is higher in the small indents than in the larger ones

which makes it harder for the dislocations to move in the small indents

making it harder for plastic deformation to take place and hence the

sample appears harder.

Ren et. al. [109] experimented with magnisium oxide (MgO) single

crystal, polycrystalline MgO and yttria stabilized zolycrystalline cu-

bic zirconia (YCPZ) at high temperatures and found that ISE reduce

with increasing temperature. They concluded that this is do with the

H/E ratio where H is hardness and E is Young’s modulus. E remains

constant with increasing temperature whereas H drops considerably

hence H/E ratio changes leading to a change in the ISE behaviour.

They plotted H/E against the Power Law and PSR model and found

that they were correlated. They also plotted the H/E of various other

materials (SiC, Al2O3, B4C, TiC, Silver steel) and found that they all

correlated to both of these models. They concluded that elastic re-

covery is responsible for ISE in these materials under the conditions

79



of the test (Temperature of 20 �C to 600 �C for MgO single crystal,

YCPZ) as this provided the best fit for the data. However, they did

not comment on the presence of any cracks in the indents.

Peng et al. [110] analysed nanoindentation data from soda-lime

glass, zirconia (ZrO2) and silicon nitride using Power Law, PSR and

MPSR. They concluded that all of these models give similar answers as

the empirical equations used in these models are very similar. They ar-

gued that Power Law and PSR models just describe the trends whereas

meaning of parameters in MPSR model are much more complex then

originally proposed.

Apart from the plasticity e↵ect on the increase in hardness at lower

loads, one school of thought is that the drop in hardness with increasing

load is simply due to the cracking in ceramics [111]; a review of which

is given by Sangwal [112]. Sangwal reported that there is a correlation

between the crack lengths and the drop in hardness suggesting that

perhaps the cracking is the cause of ISE.

The argument is that indentation response of the material depends

on the load. At small loads, indentation response is elastic and plastic

deformation. However, as the load is increased, the indent starts to

crack. The cracking provides a stress relaxation mechanism and opens

up the indent allowing the indenter tip to penetrate deeper. These

cracks grow as the applied load increases until the crack length reaches

a steady state. This is correlated to the drop in hardness, which is

quite severe initially but then a steady state is reached.

A considerable amount of literature exists on this issue however, the
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real origin of ISE is a controversial topic. Perhaps there are various

reasons and the significance of any particular theory depends on the

material itself.

2.3. Conclusions

SiC is known to be di�cult to sinter due to the covalent bonding, low

self di↵usion and the surface silica. It has been sintered using carbon

and boron as sintering additives resulting in a low toughness (around

4 MPa
p
m). Al was introduced in the system in conjunction with

boron and carbon leading to improvements in toughness through the

formation of an amorphous film on the grain boudaries.

SiC was also sintered through a pressureless route using combination

of oxides (alumina, yttria, silica) as additives at their eutectic com-

positions to reduce the sintering temperature. The toughness values

obtained were close to those obtained in the ABC system. However,

they all had problems with reaction with SiC leading to various gases

and reaction products which were detrimental for the sintering process

hence the need for the powder bed.

When AlN was used as a replacement for alumina, the powder bed

was not needed. It was also used as a replacement for Al in ABC

system for the purpose of improving the hardness response of SiC. The

literature suggests that the use of AlN as a sintering additive in SiC

is found to be beneficial in improving the mechanical properties due

to the formation of the SiC-AlN solid solution. However, the exact
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mechanism of the densification or the formation of the solid solution

has not been studied.

It has also seen that hardness is a system property; it depends not

only on the material being tested but also on the properties and shape

of the indenter. However, the variety of responses means that hardness

tests also o↵er opportunities to measure a range of material properties:

the resistance to plastic flow, the elastic modulus and the toughness.

The hardness measured at di↵erent loads with the same indenter is

also di↵erent and although there is a wide range of explanations, this

topic remains controversial.

SiC is one of the hardest ceramics. However, it it is brittle. Attempts

have been made to improve its toughness using various densification

and reinforcement methods. The use of AlN as a sintering additive

has been an interesting one because of the solid-solution it forms with

the SiC. However, the e↵ect of this solid solution on toughness and

hardness needs to be investigated.

82



3. Experimental Methods

This chapter contains an overview of the experimental techniques and

methodologies that have been used to determine how AlN redistributes

in the microstructure, the sintering of AlN doped SiC and its response

to indentation at di↵erent scale.

3.1. Powder mixing

One of the most fundamental aspects of ceramic processing is achiev-

ing a homogeneous mixture of the ingredients since poor mixing leads

to variations in the microstructure. The raw materials used to pro-

duce powders mixtures in this work include ↵-SiC powder (type UF15

from H.C. Starck), an AlN powder (type C from H.C. Starck), yt-

tria powder (Yttrium oxide powder 99.99% pure from Ventron Alfa

Produkte.Karlsruhe, Germany) and a phenolic resin powder (CR-96

Novolak, Crios Resinas, Brazil). To produce mixtures, powders were

weighed in the quantities required for the compositon that is being

prepared. Silicon carbide powder was put into a beaker and slurry was

made by adding methyl ethyl ketone (MEK). The beaker was placed on
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(a) ↵-SiC (b) AlN

Figure 3.1.: SEM images of ↵-SiC from suppliers and AlN powders
taken using SEM 5610 at Imperial college London

a magnetic stirrer. Then the rest of the ingredients were slowly added

into this slurry. Phenolic resin, where needed, was always added as

a last component. The stirring continued for 10 minutes after the

addition of all the ingredients.

Mixing was carried out using a ball mill. Silicon nitride (Si3N4) balls

of 10mm diameter were used as milling media. They were weighed to

be 1.5 times the total amount of powders (e.g. 75 grams of milling

media to 50 grams of powder). Milling media and slurry containing

powders was put in a PET (PolyEthylene Terephthalate) bottle, sealed

and placed on a ball mill.

After 24 hours of mixing, the slurry containing powders and milling

media was poured out of the bottles through a sieve to remove the

milling media. The slurry was then dried using a rotary evaporator

(BUCHI Rotavapor R�-210/215 Buchi Labortechnik AG, Switzerland).

(see Figure 3.2)

The rotary evaporator evaporates the liquid in the slurry with the

aid of heat and vacuum while rotating the sample to avoid caking of
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Table 3.1.: Properties of the raw powders as provided by suppliers.

Powder ↵-SiC AlN Y2O3

Grade H.C. Starck H.C.Starck Alfa Aesar
UF-15 C 99.99% REO

Oxygen content
1.5 0.1 -

(wt%)
Specific surface

14-16 4-8 -
area (m2 g�1)
Green density at

1.55-1.75 —- —-
100 MPa (g cm�3)
Particle size (µm) 10
D 90% 1.2 0.2-0.35
D 50% 0.55 0.8-1.8
D 10% 0.2 2.3-4.5

Figure 3.2.: Rotary evaporator. (1) Rotating flask, (2) Water tub, (3)
Condensor. (4) Cooling water and circulation pump), (5)
Liquid collecting flask, (6) Vacuum pump tube, (7) Power
supply for water circulation pump
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the drying slurry.

The water temperature was set at 90 �C and rotation speed of the

flask was 80 rpm (dial setting 4 on the instrument). At the start of the

drying, vacuum was created within the chamber and then the vacuum

pump was turned o↵. The vacuum pump was turned on again when

most of the liquid had evaporated but the powder in the flask was still

slightly damp. This removed the last remaining liquid and fully dried

the powder. The dried powders contained soft agglomerates from the

rolling movement inside the evaporation flask. In mixtures containing

phenolic resin, the agglomerates were found to be harder, and these

were broken up using a pestle in a mortar before use.

3.2. Pellet pressing

Uniaxial pressing tests were carried out to assess the processing char-

acteristics of the powder after milling and drying. A stainless steel

die with internal diameter of 12 mm was used and the applied pres-

sure ranged between 37 MPa to 740 MPa. The pellets remained under

pressure for 20 seconds before releasing the pressure and removing the

pellets from the die. The density ⇢, was calculated by measuring their

diameter �, height l, and mass m, as given in Equation 3.1.

⇢ =
m

⇡d2

4 · l
(3.1)

The rule of mixtures was used to calculate the theoretical densities
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of the pressed pellets:

⇢(total) = f(AlN)⇢(AlN) + f(SiC)⇢(SiC) (3.2)

where ⇢ (total) is the theoretical density of the composition, ⇢ (AlN)

is the theoretical density of AlN (3.3 Mg m�3), f (AlN) is the volume

fraction of AlN in the composition, ⇢ (SiC) is the theoretical density

of SiC (3.21 mg m�3) and f (SiC) is the volume fraction of SiC in the

sample. The theoretical density of yttria was taken as 4.8 Mg m�3).

The density of resin was not taken into account.

Measured densities were divided by calculating theoretical densities

and multiplying by 100 to find the percentage theoretical densities.

3.3. Sintering and Densification

3.3.1. Pyrolysis of powders

For compositions containing phenolic resin, the resin was pyrolysed

prior to the sintering. To guide the selection of the pyrolysis temper-

ature, thermogravimetric measurements were carried out. Powdered

samples of ↵-SiC (particle size of 0.5 µm), ↵-SiC with 3 wt% C (around

6 wt% resin), and ↵-SiC with 3 wt% C and 3.75 wt% AlN (particle

size of 0.8 µm) were heated up to 1500 �C at 1 �C min�1in a standard

TGA (NETZSCH STA449C Jupiter).

The TGA traces given in figure 3.3 show that the resin starts to char

around 400 �C and AlN starts to oxidise at around 700 �C as can be
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Figure 3.3.: TGA traces of ↵-SiC, ↵-SiC + resin and ↵-SiC + resin +
AlN.

seen from the increase in mass for the mixture containing AlN in figure

3.3. In order to limit the risk of oxidising the AlN, the temperature

to char was set at 600 �C. Pyrolysis consisted of heating the powder

in flowing argon to 600 �C at 10 �C min�1. The furnace was held

at 600 �C for 2 hours before cooling it at 25 �C min�1 until natural

cooling by convection prevailed.

3.3.2. Hot pressing (HP)

HP is a technique used to sinter ceramics, which are di�cult to densify.

It involves applying pressure at temperature to assist sintering. The

experiments were carried out in a FCT hot-press at the Department

of Metals and Materials Engineering, Katholieke Universiteit Leuven
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(KUL) in Belgium. The temperature was controlled by a pyrometer

(Impac 140) and a Mitutoyo micrometer follows the ram movement

during processing. The sintering tool of the hot press is shown in

Figure 3.4. A graphite heating element surrounds this tool and pressure

is applied from the top by a cooled hydraulic ram. Ram movements

were recorded during sintering to estimate the density during sintering.

The sample size was a 30 mm diameter disk with varying thickness

between 3-5 mm. In the later stages of the research, a large size (60 mm

diameter) sample of SiC was sintered using a similar FCT hot press at

FCT in Germany.

For the first trial, the graphite pieces were coated with BN to avoid

sticking of the sample to the die material. However, upon unloading

after cooling, the sample could not be removed from the graphite cylin-

der. Hence, for the rest of the trials, a circular disc of graphite paper

was placed above and below the SiC powder. Despite this, the samples

continued to adhere to the graphite die discs.

Three di↵erent sintering schedules were tried to densify SiC. The

details of the sintering schedules used in this thesis are given in table

3.3. HP was also used to partially sinter two SiC samples. They were

heated to 1700 �C and 1850 �C in HP and then cooled as fast as the

hot press allowed (around 100 �C min�1 initially).
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Figure 3.4.: A schematic of sintering tool used in the Hot Press.

3.3.3. Spark plasma sintering (SPS)

In SPS, ideally the green body itself is the heating element. A volt-

age is applied across the green body so that a current flows through

it. Relatively high electrical resistance at the contacts between the

particles means they heat up locally where di↵usion is needed, which

accelerates the di↵usion and formation of necks. The lower thermal

mass of the system allows for higher heating and cooling rates, and

pressure can also be applied. In the case of samples with low electrical

conductivity, the current flows through the die which then indirectly

heats the sample.

Powder is placed in a graphite die and a graphite paper is wrapped

between die and powder to avoid sample sticking to the die. It is lightly

pressed by using a cold uni-axial press. Then this setup is placed in the

90



SPS. Ram movement, vacuum level, time, currents and temperature

of the die were recorded automatically which were used to plot the

densification curves.

Initial SPS trials were performed at KUL in Belgium. However, most

of the SPS work was carried out at the Nanoforce laboratory in Queen

Mary University of London. Discs of 20mm diameter with a thickness

of around 3 to 5mm were sintered. the sintering schedule is given in

table 3.3.

3.3.4. Density measurements

Initial estimates of the density of the sintered samples were made dur-

ing the sintering experiments by recording the ram movements of the

sintering equipment as mentioned earlier (section 3.3.2). Detailed den-

sity measurements were required to establish the level of porosity in

the sintered samples. For this purpose, Archimedes’ method was used.

Density is simply mass (M) of the sample divided by its volume (V):

⇢ =
M

V
(3.3)

The Archimedes principle states that any object immersed in water

will feel an upward force equal to the volume of the displaced water.

This force is called buoyancy.

Mw = (⇢� ⇢w)V (3.4)

where Mw is mass of sample when it is fully immersed in water, ⇢ is
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the density of the sample and ⇢w is the density of the water.

Eliminating volume from equation 3.4 using equation 3.3 and solving

for ⇢ gives:

⇢ =
✓

M

Mw �M

◆
⇢w (3.5)

However for a porous body, water can penetrate into the open pores

and reduce the volume of the water displaced yielding increased and

optimistic density values. This problem can be overcome by allowing

the sample to saturate and taking the volume of the water in the pores

into account during the calculations.

In this method, first the mass of the dry sample was measured. The

samples were left in a drying furnace at 120 �C overnight before the

dry mass measurements were made. Then the sample was immersed in

water and allowed to saturate. This process was made more e�cient

by employing a vacuum pump and forcing out any air bubbles present

in the pores. The mass of the sample when it was saturated and

submerged in the water were measured. The mass of the saturated

sample was also measured after taking it out of the water and carefully

removing the water from the surface of the sample. Now the only water

left in the sample is that in the open pores. Equation 3.6 can be used

to calculate the density of the sample including the open porosity in

the volume.

⇢ =
✓

M

Mw �Ms

◆
⇢w (3.6)

92



where ⇢w is the density of water, ⇢ is sample density, M is the mass

of dry sample, Ms is the mass of saturated sample and Mw is the mass

of submerged sample.

Then this density can be divided by the theoretical density to calcu-

late the relative density of the sample as a percentage of the theoretical

density. The theoretical density was calculated by using the rule of

mixtures on the nominal compositions and the theoretical density of

AlN and SiC as given in equation 3.2.

The error in the density measurements comes from the error in mea-

suring the mass. Also, if there are any pores that the water has not

penetrated or the moisture in the dry sample lead to inaccuracies in

results. The use of furnace to dry the sample and the use of vacuum

pump to saturate the sample in water reduces the error.

The errors are associated with measuring the mass of the sample.

The dry mass measurement error is the error of instrument (± 0.0005 g)

however, the error associated with the submerged mass is around 5 mg

from experience of fluctuations in the mass during experiment.

3.3.5. Compositions and sintering schedules

SiC was hot pressed with addition of only AlN, AlN and carbon and

only carbon. All these samples were sintered at 2045 �C using a hot

pressing method. However, the sintering schedules di↵ered in the heat-

ing rates, dwell times and intermediate dwells. A sintering schedule

based on some literature [113] data with 30 minute dwells at 1700 �C
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and 1850 �C (HP-Dwells) was initially tried. Intermediate dwells were

used to allow the sample to reach equillibrium after certain chemical

reactions at these hold temperature. Two further sintering schedules

used were di↵erent in the time spent at the sintering temperature (HP-

60 and HP-30). These sintering schedules were tried to see the e↵ect of

time at the sintering temperature on the AlN redistribution. Two in-

terrupted sintering cycles were also tried to see the intermediate stage

of AlN redistribution. Samples were sintered at 1700 �C and 1850 �C

before cooling.

SPS was used to sinter samples containing SiC + 3.75 wt% AlN, and

SiC + 3 wt% C + various amounts of AlN ranging from 0.75 to 3.75

wt%. The sintering temperature used was 2100 �C and the time spent

at sintering temperature was 5 minutes.

A reference sample that shows the presence of liquid phase was sin-

tered with AlN and yttria using SPS at 2100 �C as well as 1900 �C for

5 minutes. Details of the sintering schedules are given in the table 3.3

whereas the details of the compositions have been provided in table

3.2.

3.4. Characterisation techniques

3.4.1. Scanning Electron Microscopy (SEM)[114]

In SEM, a beam of electrons is accelerated towards the sample and

images are formed by collecting either back-scattered electrons or sec-
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Table 3.2.: The compositions sintered during this project

SiC type wt%AlN wt%C wt%yttria

↵-SiC 0 3 0
↵-SiC 0.75 3 0
↵-SiC 1.5 3 0
↵-SiC 2 3 0
↵-SiC 2.5 3 0
↵-SiC 3.75 3 0
↵-SiC 3.75 0 0
↵-SiC 3.75 0 3

Figure 3.5.: Schematic showing the heating rates and temperatures
used in various sintering schedules to densify SiC.

ondary electrons. Back scattered electrons are those that have simply

bounced back o↵ the atoms of the sample. They are high energy elec-

trons and they are responsible for mass number contrast in the back-

Scattered electron Image (BSI). Secondary electrons are electrons that
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Table 3.3.: Table showing the in Hot Pressing schedules used with the
method code that will be used to identify the sintering
method used in each sample in the thesis.

Method code Description

HP-Dwells

388-1630 �C, 10 �C/min, 6 kN load
1630 �C, 30 minutes, 6 kN load
1630-1820 �C, 10 �C/min, 6 kN load
1820 �C, 30 minutes, 10 kN load
1820-1895 �C, 5 �C/min 15 kN load
1895 �C, 30 minutes, 15 kN load
1895-2045 �C, 5 �C/min 15 kN load
2045 �C, 30 minutes, 15 kN load
2045-388 �C, 50 �C/min, 15 kN load

HP-60

388-1630 �C, 50 �C/min, 6 kN load
1630-1930 �C, 20 �C/min, 15 kN load
1930-2045 �C, 5 �C/min 15 kN load
2045 �C, 60 minutes, 15 kN load
2045-388 �C, 50 �C/min, 15 kN load

HP-30

388-1630 �C, 50 �C/min, 6 kN load
1630-2045 �C, 50 �C/min, 15 kN load
1930-2045 �C, 5 �C/min 15 kN load
2045 �C, 30 minutes, 15 kN load
2045-388 �C, 50 �C/min, 15 kN load

HP-1700C
388-1630 �C, 50 �C/min, 6 kN load
1630-1700 �C, 50 �C/min, 15 kN load
1700-388 �C, 50 �C/min, 15 kN load

HP-1850C
388-1630 �C, 50 �C/min, 6 kN load
1630-1850 �C, 50 �C/min, 15 kN load
1850-388 �C, 50 �C/min, 15 kN load

SPS

450-1700 �C, 100 �C/min, 5 kN load
1700-2100 �C, 50 �C/min, 10 kN load
2100 �C, 5 minutes, 18.97 kN load
2100-450 �C, 100 �C/min, 18.97 kN load
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have been knocked o↵ the atoms of the sample due to their interac-

tion with the incident beam. Secondary Electron Images (SEI) give

more information about the surface topography since the secondary

electrons come from the outer 5-10 nm whereas BSI gathers informa-

tion from as deep as 50 nm below the surface. X rays come from a

few µm deeper into the sample. However, the exact depths of interac-

tion volume depends on the voltage applied and the mass number of

the sample. A diagram of interaction between incident beam and the

sample is given in figure 3.6.

The instrument used in this study included a JEOL JSM5610 and

a JEOL JSM6400 were used for EDX analysis and imaging. Sintered

samples were polished using diamond paste ( 3 and 1 µm particle size)

after grinding using diamond grinding wheels with grit size, 600, 800,

and 1200. Green pellets and fracture surfaces were not ground or

polished. Samples were then attached to aluminium sample holders

using silver paint or double sided carbon tape. Samples were gold

coated before the analysis using an EMITECH K550 gold coater.

3.4.2. Energy Dispersive X-ray Spectroscopy

Interaction between accelerated electrons and the sample leads to some

of the electrons within the sample being forced out of their orbit into

a lower orbit. They emit some radiation, which can be detected. This

radiation can be detected with either Energy Dispersive or Wavelength

Dispersive X-ray detectors. In EDX, the emitted photons are collected
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Figure 3.6.: Schematic diagram showing various signals that can be
used for imaging and chemical composition of samples in
SEM. SE: Secondary Electrons, BSE: BackScattered Elec-
trons, PE: Primary Electrons, AE is Auger Electrons

as a function of their energy using EDX detectors which consist of a

crystal cooled using liquid nitrogen. Absorption of a photon in the

crystal leads to free electron becoming conductive hence an electric

charge is produced. The X-ray absorption is thus converted into the

electric charge of proportional size to the energy of the X-ray. The

spectrum of photon intensity is analysed to get chemical information

from the region of the sample under the electron beam.

The energy of the X-rays is detected, thus allowing the atoms in the
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sample to be identified using Mosley’s Law.

E(keV ) = K(Z � 1)2 (3.7)

where E is the energy of the X-ray, K is a constant and Z is the atomic

number of the corresponding atom that X-ray has been emitted from.

Since the number of X-rays for specific atoms increases with con-

centration, estimates for the concentration of each type of atom are

obtained. However, the accuracy of the results depends on the surface

finish and the electrical conductivity of the sample. Bombardment of

electrons on the surface leads to surface charging. More electrically

conducting samples show better results so that for semi-conductors or

non-conducting samples, a layer of gold, carbon or platinum can be

applied to conduct the electrons away.

The principle of operation of EDX in the TEM is the same as in

the SEM. However, the number of photons detected is quite low due

to the small thickness (less then 100 nm) of the sample. The sample

thickness has to be around 100 nm to make use of EDX in TEM as the

sample always has to be electron transparent.

The second problem is the selection of area for the analysis is not

very accurate which makes the analysis of specific locations quite chal-

lenging. Also, the spatial resolution of EDX is poor compared to the

SE and BE electron signal. This is because of the depth from which the

X-rays can escape from the sample. Also, some of the low energy X-

rays are absorbed by the sample and the window of the detector. This
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leads to inaccuracies in the measurements. This can be improved by

using a better (thin windowed) detector. The detector used in the cur-

rent work was a Ultra-thin window silicon detector which was available

on both SEM and TEM (TEM 2010 system as well as SEM JSM840

and JSM6400). For the SEM, the sample surface roughnes can lead to

inaccuracies in the measurements as well.

This method was the basis of finding the homogeneity level of AlN

in SiC matrix which is described in section 3.4.6.

3.4.3. Focused Ion Beam (FIB) and Secondary Ion

Mass Spectroscopy(SIMS) [115, 116]

FIB is similar to an SEM but instead of exciting the sample with an

electron beam, a gallium (Ga+) ion beam is used. The surface of the

sample is bombarded with these ions and they result in sputtering of

the atoms of the sample as their energies are considerably more then

the energies usually associated with the electrons in the SEM. This

makes the FIB a milling machine that can be used to cut sections out

of the material at particular locations. This technique is now widely

used to produce electron transparent sections for TEM analysis.

In SIMS, gallium ions knock out secondary ions and molecules from

the surface. These secondary ions are detected using a magnetic sector

detector as a mass-to-charge ratio by mass spectrometer. Apart from

ions, electrons are also released as a result of the ionic collisions. Images

can be made by either collecting electrons or ions.
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The sputtering of the surface depends on various factors. The yield

of secondary ions is strongly dependent on the electronic state of the

material being analysed which leads to the complications for quantative

analysis. Equation 3.8 is the SIMS basic equation.

Ims = Ipym↵
±✓m⌘ (3.8)

where Ims is the secondary ion current of species m, Ip is the primary

particle flux, ym is the sputter yield, ↵± is the ionisation probability

to the positive or negative ions, ✓m is the fractional concentration of m

in the surface layer and ⌘ is the transmission of the analysis system.

ym and ↵± are two fundamental parameters. ym increases with the

mass, charge and energy of primary particle. The crystallinity and the

topography of the sample surface also a↵ects the sputtering yield.

This technique was employed as a characterisation tool to produce

images of the microstructure and concentration maps of Al on the sur-

face. It was also used to produce TEM samples by cutting and milling

the samples with the ion beam, the details of which are given in the

TEM sample preparation section (3.4.5). The samples were attached

to an aluminium sample holder using silver tape to avoid the charge

build-up on the sample surface that would a↵ect the experiment. Low

energy beams of 115 pA current were used and two types of informa-

tion were retrieved: images formed by the secondary electrons and Al

maps based on secondary ion yield. The SIMS used in this particular

study was an fei FIB-SIMS 200T.
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3.4.4. Transmission Electron Microscopy (TEM)

[117]

TEM is another technique where an electron beam interacts with the

sample and resultant e↵ects give information about the microstructure.

It works by analysing the interaction of the electron beam with the

sample as it passes through it.

The interactions between sample and the electron beam can be di-

vided into two categories: elastic and inelastic interactions. In elastic

events, only the trajectories of the electrons are a↵ected but their en-

ergies do not change. This results in the emission of forward di↵racted

and transmitted electrons as well as backscattered electrons. Inelastic

interactions result in the transfer of energy to the sample however, the

electron trajectories remain the same as before the electron interaction.

This leads to the generation of heat in the sample as well as secondary

electrons, auger electrons and X-rays.

Elastically and inelastically scattered electrons, secondary electrons

and backscattered electrons are used for imaging whereas inelastically

scattered electrons are also used for chemical analysis due to the char-

acteristic energy loss during their interaction with the sample. This

technique is known as (EELS) which has not been used in this study.

However, the characteristic X-rays have been used for energy dispersive

x-ray spectroscopy (EDX).

Lattice images are produced using High Resolution Transmission

Electron Microscopy (HRTEM). The transmitted beam and one of the
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di↵racted beams are combined. The phase interference between both

beams yields the periodic intensity fringes in the image. Under the

appropriate conditions, the intensity of these fringes and the atomic

planes from which the electrons are di↵racted have one to one corre-

spondence. In which case, the spacing of fringes and the atomic planes

spacings are equivalent.

This is a powerful technique making it possible to examine the grain

boundaries and phase interfaces. Lattice images were used to examine

the grain boundaries to determine the presence of any intergranular

phases. This means that both grains have to be in zone (i.e. atomic

planes should lie parallel to the electron beam) for this experiment

to be successful. The fringes from both grains are observed near the

boundary. If there is an amorphous film present then these fringes

will be absent whereas if there is a crystalline phase present then the

fringes of distinctly di↵erent appearence will be observed.

The images were acquired with the help of Drs. Doni Daniel, Mah-

moud Ardakani and Finn Giuliani.

3.4.5. TEM sample preparation method

For a material to be analysed in the TEM, the sample has to be thin

enough that electrons can pass through it (around 100 nm). The sam-

ple has to fit in a 3mm diameter holder. Two sample preparation

methods were used.

The first method uses traditional cutting, grinding, dimpling and
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than finally ion polishing to cut and thin a section down to electron

transparency.

The sample is cut to less than 3 mm diameter. Then it is ground to

around 100 µm. This procedure is carried out using a grinding wheel

and the sample is turned over during the grinding to make sure both

sides are parallel. Then this around 100 µm thick section is dimpled

using diamond paste in a dimpling tool (Gatan Dimple Grinder Model

No. 656) until the centre of the dimple is around 15 µm thick. This

dimpled sample is glued onto a 3mm diameter copper ring and placed

in a Gatan Precision Ion Polishing System (PIPS) Model 691 which

uses argon ions to mill the sample. There were two ion guns and the

angle of the attack and the energy of ions can be changed to increase

or decrease their e�ciency. The beam was tilted by 6 � and the voltage

was 3.5 keV. The angle of attack was gradually reduced to 2.5 � and

the current was reduced to 2.5 keV. The sample was rotated at 4 rpm

to achieve homogeneous milling and o avoid the formation of fringes.

Argon gas was used as a source of ions. Its flow was controlled to give

16 µA current. The sample is taken o↵ the ion polisher when a small

hole appears in the centre of the dimple.

In the second method, a focused ion beam is used to prepare TEM

sections from specific location i.e. under an indent or at a phase of

interest.

In this technique, gallium ions are used to cut the section from the

bulk of the sample. Since the gallium ions are destructive to the sam-

ple, a layer of platinum is applied before milling and cutting to protect
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the surface of the sample as can be seen in Figure 3.7(a). A trench is

dug on both sides of the sample as can also be seen in Figure 3.7(a).

Then the sample is tilted and cut from three sides leaving it attached

to the bulk from one side. The sample is attached to a needle by

welding needle and sample together by depositing platinum. Once the

section is attached to the needle, it is separated from the bulk by cut-

ting the remaining side. The needle is taken away to a copper grid

and the sample is welded to the copper grid using the platinum. Then

the sample is separated from the needle by cutting it o↵ using gallium

ions. The samples welded to the grid can be seen in Figures 3.7(c) and

3.7(b). Finally, the sample is thinned to electron transparency using

gallium ions which can be seen in Figure 3.7(d).

3.4.6. Homogeneity of AlN doped SiC

The pressed pellets were analysed using microprobe analysis in a (JEOL

840JSM) SEM and in later stages of work using a (JEOL 6400JSM)

SEM. The samples were given around 10 nm thick gold coating before

SEM analysis to stop the build-up of electric charge on the surface of

the samples due to bombardment and absorption of charged particles.

A qualitative analysis of the distribution of AlN in SiC matrix was

carried out by mapping Al and Si on the surface of a pressed pellet

using the EDX function in SEM. However, to quantitatively assess the

homogeneity of the distribution of AlN in SiC matrix, a methodology

inspired by the work of Zaspalis and Kolenbrander [118] was used.
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(a) Trenches around the Sample (b) Section and the copper grid

(c) Section attached to copper grid (d) A close-up of section

Figure 3.7.: Images showing various stages of FIB sectioning to make
TEM samples

The analysis consists of measuring the Al to Si ratio over increasingly

smaller areas of the sample. This reduction in the area is analogous to

reducing the number of particles analysed in a given measurement.

A large area analysis will detect the same amount of Al as the average

amount for every trial. As the area analysed is reduced, each trial will

yield varying amounts of Al that will lead to an increase in standard

deviation. However the average Al detected for large number of trials

will be the same as the overall sample average. The trend will continue

for further reductions in the area analysed. A schematic of this is given
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Figure 3.8.: A schematic showing how the reduction in the area a↵ects
the standard deviation.

in figure 3.8. It can be seen that as the area analysed is reduced, the

variation in the amounts of Al and Si detected increases hence the

standard deviation increases however the average amount detected for

su�ciently large measurements remains the same as the overall average

Si and Al in the sample.

To quantify the expected variation in the standard deviation, a

model was developed in which the homogeneity is described by 2D

packing of particles of a given size. It is assumed that the particles

are circular and are closely packed. This allows the conversion of a

measured area in a number of particles using equation 3.9

z ⇠ %As (3.9)

where z is the number of particles considered, As is the area and %

is the shape factor which also includes the particle size and packing

of these particles. The value of % used was is the ratio of the total

area to area occupied by the particles assuming close packing which

changes with the change in the particle size. Hence measuring a given

area corresponds to determining the fraction of AlN particles when
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drawing z particles out of a collection of particles with a fraction of qA

being AlN.

If a sample of n particles is taken out of a mixture of two powders

A and B, in which qA is the fraction of A type particles then the

probability P that i particles will be of type A is given by equation

3.10

Pi = (1� qA)
z�i(qA)

i · z!

(z � i)! · i! (3.10)

It can also be shown using the probability distribution that the av-

erage composition measured is independent of the number of particles

sampled in the measurement and is equal to the composition of the

sample:

q̄A =
X i

z
Pi = qA (3.11)

provided that su�ciently large number of measurements are carried

out. As the particle size gets smaller the number of measurements

required to obtain an accurate result increases.

The standard deviation on the average fraction of particles A is given

by equation 3.12

� =

s
X✓

qA � i

z

◆2

· Pi (3.12)

and it does depend on the number of particles included in a single

measurement. Substituting Pi yields:
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�1p =
q
qA(1� qA) (3.13)

and therefore the standard deviation

�z =

q
qa(1� qa)p

z
(3.14)

Since z is proportional to area analysed, plotting the standard devia-

tion against area measured allows the determination of a characteristic

size for AlN agglomerates.

3.4.7. Polytype determination from XRD [119]

XRD was carried out to check the crystal structure of AlN, as well as

the SiC polytypes present in ↵-SiC powder. It is important because

as discussed in the Chapter 2, the di↵erent polytypes have slightly dif-

ferent mechanical characteristics and it is known that during sintering

these polytypes transform and in doing so influence the microstructure

development.

XRD is a technique that is used to get information about the phases

present in materials. X-rays are generated when high speed electrons

collide with a metallic target. Most of their energy is used up in heating

the metallic target hence the target is usually water cooled. Some

energy is used up in generation of X-rays. This X-ray beam (incident

beam) in pointed towards the sample to be analysed. These X-rays

di↵ract from the planes in the sample. Constructive interference takes

place when Bragg’s law:
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n� = 2dsin✓ (3.15)

is satisfied, where � is the wave length of X-rays (for Cu K↵, it is

1.54 Å), n is the reflection order, and sin✓ is the angle between the

planes and the X-rays as explained in figure 3.9.

Figure 3.9.: A schematic explaining Bragg’s Law.

XRD experiments were carried out with Cu K↵ radiation on a Philips

di↵ractometer model number PW 1729. The step size was 0.040� with

a counting time of 1 second for the standard scan of SiC and AlN

powders. The sintered samples were polished with diamond suspen-

sion with the particle size of 1 µm whereas the powdered samples were

packed into small disc shaped moulds and their surfaces were flattened

with a glass slide. For the polytype determination in SiC more detailed
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scans were carried out between 30-45� 2✓ in which the scan time was

increased to 4 seconds. The Ruska et al. [120] method was used to

calculate the polytypes from the XRD data. This method uses XRD

peak intensities to work out the fractions of each polytype present in

the system. A set of equations describing the height of a set of peaks

was developed and finding the best solution to this simultaneous set of

equations therefore allows determination of the polytype content. It is

clear from table 3.4 that only the 15R, 6H, 4H and 3C polytypes are

considered as these are the most common.

Table 3.4.: Table showing equations to calculate various polytypes
present in the SiC samples. The equations were developed
by Ruska et al. [120]

15R 6H 4H 3C Peak d(nm)

3.2a + 9.9c = A 0.266
11.2a + 22.12b = B 0.263
26.0a + 38.9c = C 0.257
31.1a + 59.2b + 25.1c + 100.0d = D 0.251

20.22b + 34.1c = E 0.235
2.4a + 6.5b + 13.1d = F 0.217

The intensities of the peaks were determined by fitting Lorentzian

peaks to the data:

 L(x) =
Ap

2⇡
⇥ �

(x� xo)2 + (�/2)2
(3.16)

where � is peak width at half of its height, x0 is the peak position,

x is the position where intensity, L(x) is to be calculated and Ap is the

area under the peak given by equation 3.17
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Ap = L(x0) ·
⇡�

2
(3.17)

The L(x) value calculated was used in the equations given in table

3.4. to work out the fraction of each polytype present in the system.

The error associated with this method is estimated to be around 10%

because of the over deteminent system of equations (6 equations, 4

unknowns). All equations are solved simultaneously and errors are

reduced in all of them which results in an inaccurate result. There are

errors associated with the XRD technique as well including; preferred

orientation and detection of higher order peaks.

3.4.8. Etching and grain size measurement

The shapes and sizes of grains in a sintered SiC ceramic determine

most of its mechanical properties. Therefore it is essential to measure

the grain size.

The first step towards measuring the grain size is to make the grains

visible. The grains are not readily observable in a sintered silicon

carbide sample. The sample needs to be either thermally or chemically

treated in order to see the grains. Any chemical or thermal treatment

applied to the sample may react di↵erently with the bulk of the grains

and grain boundaries due to the di↵erence in the chemistry of these

regions. The chemical or thermal treatment applied to samples in order

to make their grains visible is known as etching and the chemical used

for this purpose is known as etchant or etching solution.
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The chemical etching solution used was a Morakami solution con-

sisting of 40 wt% distilled water, 30 wt% potassium hydroxide (KOH)

and 30 wt% potassium ferricyanide K3[Fe(CN)6]

Sintered samples were fine polished to 1 µm or better using a di-

amond particle suspension. Then the etching solution was prepared.

The ingredients were weighed at the required quantities. The water

was poured into the glass beaker, which was placed on a hot plate.

Once the water started to boil, KOH was slowly introduced into the

water while the solution was stirred with a glass rod. Then potassium

ferricyanide was also added into this boiling solution while the stirring

with the glass rod continued. Finally, the sample was put into this

boiling solution and a glass lid was placed on top of the beaker to stop

the evaporating water from leaving the beaker and changing the com-

position in the beaker. The sample was left in this boiling solution for

90 to 180 seconds. The sample was put under the running water to

remove any etching solution from the surface of the sample.

The etched samples were then examined using SEM. A line intercept

method was used to measure the grain size. A line is drawn on the

image and the number of grains it cuts through are counted. The scale

bar on the image is used to determine the total length of the line in

microns. The length of this line is divided by the number of grains it

cuts through and multiplied with the conversion factor of 1.58 [121] to

get the average size of a grain. 4 images at 2 di↵erent magnifications

were used and in total around 400 grains were analysed for each sample.

In the case of samples with elongated grains or platelets, twenty
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large grains were taken and their width and length were measured. The

aspect ratio was calculated by dividing average length by the average

width of these large grains.

3.5. Macro and micro indentation

Indentation of sample using loads above 1N was carried out with a

Zwick/Roell Indentec ZHV Type micro hardness tester with a Vickers

tip whereas the macro indentation was carried out using a Zwick/Roell

Indentec Type 6030LKV Vickers Hardness testing machine with the

load range starting from 10 N. 20 indents were made in each sample

at each load with a hold time of 10 seconds at the maximum load.

The samples were polished using the method described in section 3.4.8

before hardness testing. A built-in optical microscope was used to

measure the size of diagonals of indents. The hardness was calculated

by measuring the area of the indent from these diagonal lengths and

dividing the applied load with this area.

The so obtained Vickers hardness number was then converted into

a projected area hardness by dividing by 0.9272 [63] which is the ratio

between contact area and projected area of a Vicker’s indenter and

multiplying by gravitational constant, g (9.81 m S�2).
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3.6. Nano-indentation

Nano-indentation experiments were carried out using nanotest from

Micro Materials Ltd. and the results were analysed using NanoTest

Materials Testing Platform as well as using an in house software based

on the method of Oliver and Pharr [69]. A minimum of 20 indents was

made in each sample at each load. The load range for nano-indentation

experiments was from 100 mN to 400 mN. A schematic is given in figure

3.10

Figure 3.10.: Schematic of nanoindenter showing various components.

Nano-indentation is simply pushing the indenter tip into the surface

of a sample and making a small indent (around a micrometer in size).

The size of the indents is too small to be measured accurately using an

optical microscope so the size is derived from data for the depth and
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load recorded by the nano-indenter platform. The penetration depth

is measured which can then be converted into projected area using the

geometry of the indenter tip.

3.6.1. Extraction of hardness and Young’s

modulus results from nano-indentation

experiments

The most widely used method of extracting hardness from nano-indentation

experiments is the one developed by Oliver and Pharr [69].

This method recognises that the total displacement, ht, during the

indentation consists of two parts.

1: the elastic deflection of the surface, he

2: the distance over which material and indenter are in contact, hc

known as contact height.

These various heights and load are illustrated in the schematic in

figure 3.11.

Figure 3.11.: A schematic of indenter tip showing hc, ht and he.

Since height is a function of the area of the indent, a value for the

contact height, hc must be determined. Oliver and Pharr [69] showed
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using Sneddon’s [122] work that there is a relationship between hc and

total height, ht which is given in equation 3.18.

hc = ht � ✏
F

S
(3.18)

where F is load of indentation, S is the slope of the unloading curve

as can be seen in figure 3.12 and ✏ is a constant which is typically taken

as 0.75.

Figure 3.12.: A schematic of the load vs displacement curve.

The contact area, Ac is found from the geometry of the indenter tip

and is a function of hc. However, a calibration is required in order to

take into account the ’bluntness’ of the indenter tip which is described

in section 3.6.2.

Once the contact height is known then the hardness can easily be

calculated from equation 3.19.
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H =
F

Ac

(3.19)

Oliver and Pharr [69] also showed that the slope of the unloading

curve, S is directly related to the reduced modulus, Er and the contact

area, AC through equation 3.20.

Er =
S

2

s
⇡

Ac

(3.20)

This reduced modulus, Er is a combined Young’s modulus of both

the indenter and the sample. The relationship between reduced mod-

ulus, Young’s moduli of both the sample and the indenter and their

Poisson’s ratios is given by equation 3.21.

1

Er

=
1� ⌫2s
Es

+
1� ⌫2i
Ei

(3.21)

where Es and ⌫s are the Young’s modulus and Poissons ratio of the

sample and Ei and ⌫i are the Young’s modulus and Poisson ratio of

indenter respectively. So if the Ei, ⌫i and ⌫s are known than Es can

be calculated.

3.6.2. Area and load calibrations

The area, Ac with respect to hc can be found from the calibration

method. The indenter tip is calibrated by indenting a fused silica

sample of known Young’s modulus. The contact area is then the only

unknown in equation 3.20, thereby allowing the contact area to be
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determined as a function of contact height. The shape of the tip used

in the nano-indenter is a three sided pyramid with an inclined angle of

142.3� and a half angle of 65.3�. A few important properties of this tip

include the self similarity, i.e. the deformation pattern can in principle

to be expected to scale with load, as well as having the same projected

area to depth ratio as the Vickers indenter tip. Its three sided geometry

makes it possible to grind it to a sharp point.

Projected area, A is a function of contact height, hc

A = f(hc) (3.22)

From the geometry of the Berkovich indenter, equation 3.23 links

the height to projected area for an ideal (sharp) tip.

A = 24.56h2
c (3.23)

If the tip is worn out and not sharp then this expression will not

be true. An artificially high hardness will be given as the real hc will

be lower than the one which corresponds to the area calculated from

expression 3.23.

Displacement is measured accurately by two capacitor plates. The

load leads to change in the distance between both plates and as a result

in the change in capacitance. This change in capacitance is measured

as a load. The e↵ect of distance between two plates on the capacitance

is given in equation 3.24
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Cp = "r"0
Al

s
(3.24)

where Cp is capacitance, Al is the overlap area of two plates, s is the

separation between both plates, "r is the relative static permittivity

which depends on the media between both plates (in case of vacuum,

it is 1) and "0 is the electrical permittivity of vacuum which is 8.85 x

10�12 F m�1.

Another correction that needs to be made in order to get accurate

values of displacement is the thermal drift correction. This is impor-

tant since capacitance is a function of temperature and the change in

capacitance is measured as a change in displacement. Although the

indentation is carried out in an enclosed environment with a heater to

control the temperature, this measurement is necessary for accurate

results. The importance of this correction is even greater for high tem-

perature indentation. A dual heating set up is used where the indenter

tip is also heated to avoid the sample cooling locally.

Even with the dual heating set up, thermal drift is corrected. This

correction is made before and/or after every indent by holding the tip

pushing against the sample surface with a percentage of the maximum

load. This was usually 20% of the maximum load other than in some

specific experiments. The indenter tip was held at that particular load

for 1 minute and any changes in the displacement detected measured.

This measured displacement is due to the change in temperature. This

correction is than applied to that particular indent’s load output.
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3.6.3. Sources of error in nanoindentation

experiments

Nanoindendation experiments are prone to various experimental errors

which needs to be carefully considered when presenting or analysing

the results. They are both to do with the sample as well as the indenter.

Sample surface finish is very crucial in determining the accurate value

of hardness as the total depth of an indent is in nano scale, any surface

roughness can alter the results very dramatically.

The shape of the tip can be very critical. Although an area calibra-

tion is carried out in order to take into account the tip bluntness, a

very rounded tip leads to an apparent reverse indentation size e↵ect

where hardness appears to increase with increasing load in the nano

regime as was the case in some of the results discussed in chapter 5.

Since the load is applied through the change in the current in the

nanoindenter and displacement is measured by the capacitance be-

tween two plates, the temperature in the indenter can have a large

impact on the accuracy of the data especially for above room tempera-

ture indentation. A dual heating setup (heated sample stage as well as

the heater inside the diamond tip so that thermal equilibrium between

indenter and sample can be achieved) was used for greater accuracy.

Thermal drift was measured showed that it increases with increasing

experimental time. To limit the e↵ect of thermal drift even further,

experiments were kept short where possible.
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3.6.4. Elevated temperature nano-indentation

experiments

Nano-indentation experiments can be carried out at elevated temper-

ature. For this purpose, a dual heating set-up is used with one heater

attached to the sample stage and the other to heat the indenter tip.

This is to avoid sample cooling when in contact with the indenter tip.

This also is helpful in reducing the thermal drift in the measured depth

signal.

The high temperature strain rate sensitivity experiments were car-

ried out using the following sequence: the thermal stability of the

capacitative displacement sensor was measured for 1 minute before

the experiment, followed by a 1 minute thermalisation period. Then

the indenter load was applied at a fixed rate to the predetermined

maximum load. It was held at the maximum load for 1 minute. The

indenter was unloaded at the same rate as during loading. The second

stability measurement was carried out at 10% of the maximum load

for 1 minute. The details of loads, loading rates and temperature are

given in chapter 5.
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4. Sintering and

Microstructure

4.1. Introduction

The overall aim of the work in this chapter is to clarify microstruc-

ture formation in AlN-doped SiC and to design processing methods

for reliable production of such material.

An important aspect of any ceramic processing is the homogeneous

distribution of sintering additives. Clustering of the additives leads

to inhomogeneity and results in di↵erent properties in di↵erent parts

of the sample. Therefore a first set of experiments was carried out

to confirm that a homogeneous distribution of the AlN powder in the

AlN/SiC powder mix could be achieved. To this end a methodology

was developed which allowed analysis of the distribution of AlN in

the samples. However, the best that can be achieved by mixing is

to distribute the AlN at powder level. For activation of sintering,

even better distribution of sintering additives is desirable, and hence a

second stage of the experiment was to investigate how AlN redistributes
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during sintering.

The second question arising from the literature review is the role of

AlN in sintering and microstructure development of SiC. In LPS SiC,

AlN has replaced alumina (Al2O3) because it reduces the weight loss

during sintering [38]. However, the role of adding AlN in small quanti-

ties as a sintering additive in SiC has not been extensively studied. It

is not clear whether addition of AlN alone also leads to LPS or rather

aids Solid State Sintering (SSS) by providing a source of Al, which is

an alternative to boron in SSS. Since AlN will only lead to a liquid

phase if it can react with the silica on the surface of the SiC, it was

decided to produce compositions in which AlN was added either with

or without carbon as a further additive. In samples with carbon, the

surface silica should be reduced [14] during heating and hence the ex-

pectation is that if AlN were only to aid LPS then the samples with

carbon would be expected to show poor densification. To allow com-

parison with a reference material, which shows LPS, one composition

which contained AlN and yttria Y2O3 was also produced.

Apart from the additive system, the sintering schedule is another

way to control the microstructure. To investigate the e↵ect on mi-

crostructures in AlN-doped SiC, a range of sintering schedules were

used with di↵erent heating rates and dwells. Faster processing was

carried out using a SPS, whereas slower processing was carried out in

a HP.

This chapter is therefore divided into three parts: first the e↵ect of

mixing on the homogeneity and the measurement of the redistribution
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of Al(N) will be described followed by the e↵ect of di↵erent additive

combinations and then finally the influence of the sintering schedule.

4.2. Homogeneity of AlN in AlN-SiC

powder mixture and sintered samples

The distribution of AlN powder in the AlN-SiC powder mixture was

studied by comparing how the standard deviation on 10 measurements

of the Al content via EDS varied with the size of the area measured. As

shown in figure 4.1 when large areas are analysed, the Al concentration

in all areas is similar and the standard deviation for 10 measurements is

approximately 0.2 wt%. When the area analysed is 10 µm2 or smaller

the standard deviation increases indicating that some areas contain

more Al than others.

The results were compared with a model where the particles of di↵er-

ent sizes were defined and their standard deviation with the reduction

in the sample size was calculated.

A range of particle sizes are plotted in graph given in figure 4.1. qA

used in the model is the same as the average amounts of Al detected in

SEM. At large area analyses, the variation in the standard deviation

is lower then the errors associated with this experiment. As the area

analysed starts to get closer to the particle size, the standard deviation

due to counting e↵ects starts to dominate. By looking at the lines for

di↵erent particle sizes from the model, the size of agglomerates can be
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estimated. If this is comparable to the particle size that means that

the particles are randomly mixed. If the size of agglomerates is bigger

than the particle size then it means that AlN particles are clustered

and not homogeneously mixed in the sample.

It leads to conclusion that the AlN is distributed in agglomerates of

a size similar to the AlN particle size (1 µm).

Figure 4.1.: Graph showing level of homogeneity achieved in samples.
SPS-sintered sample was SPS for 5 minutes at 2100 �C. In-
terrupted sample was heated in HP to 1700 �C. The green
pellet was uniaxially pressed pellet. All samples had the
composition of SiC + 3 wt% C + 3.75 wt% AlN. The black
lines are theoretical predictions for the standard deviations
as a function of particle size.

Figure 4.2 illustrates how the standard deviation for an area analysed

amounting to 16 µm2 varies during heating and sintering. While AlN

is homogeneously distributed in the cold pressed pellets, the decrease
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in the standard deviation for a fixed area shows that the homogeneity

level increases slightly for the partially sintered sample at 1700 �C

whereas the sintered sample and a partially sintered sample at 1850 �C

have a much better and similar level of homogeneity of AlN: the AlN

is now distributed to a sub�micron level.

Figure 4.2.: Graph showing level of homogeneity achieved during var-
ious stages of sintering from cold pressed pellet to a fully
sintered sample. This graph is simply a section taken from
the graph given in figure 4.1 at the area of 16 µm2. All
samples contained 3.75 wt% AlN and 3 wt% C. The starred
sample was SPSed at 2100 �C whereas all other samples
were hot pressed.

The standard deviation observed in the latter samples agrees with

the standard deviation observed for larger areas in the green pellets and

therefore the homogeneity is better then can be ascertained with the

technique used. It is therefore possible that the level of homogeneity
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continues to improve as the samples are heated and during the time

spent at the sintering temperature.

Figure 4.3.: Electron image taken in FIB from a partially sintered sam-
ple at 1850 �C. The densification has clearly progressed
significantly.

A micrograph of a partially sintered sample given in figure 4.3 shows

that densification coincides with the much improved redistribution of

the AlN. This is confirmed by relative density of 75% whereas a sample

containing no AlN only reached 66% after a complete sintering schedule

(HP-dwells).

To investigate the AlN distribution even further, SIMS was used to

produce maps of the Al distribution in the samples. The maps con-

firmed that the AlN has redistributed to a much finer level than before
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(a) FIB image (b) SIMS Al map

Figure 4.4.: FIB image and SIMS map from the same area of ↵-SiC
with 3 wt% C and 3.75 wt% AlN SPSed at 2100 �C. (a)
Electron image (b) SIMS map of aluminium. White dots
are where the Al signal was detected in the SIMS map.

sintering with many tiny Al-rich particles present in the microstructure

(figure 4.4).

Comparing the electron images with the Al-maps suggests that the

Al signal coincides with the grain boundaries and the more intense Al

signal coincides with the triple junctions in the microstructure.

SIMS results from samples containing various amounts of AlN show

that the Al distribution achieved was very similar as can be seen from

figure 4.5. The only di↵erence between these samples is that the sam-

ples with higher amounts of AlN show the location of initial AlN parti-

cles where the black dots are present. These dots are not visible in the

sample with small amount of AlN as they are perhaps fully distributed.

An even closer look at the sintered samples using TEM (see figure

4.6) confirms the presence of Al on the grain boundaries and triple

junctions. The EDX analysis performed on the samples suggests that

the triple junctions are rich in Al and the concentration of Al is com-

paratively low inside the SiC grains as can be seen from figure 4.7.
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(a) (b)

(c) (d)

Figure 4.5.: SIMS maps of SiC samples with various amounts of AlN
and 3 wt% C. (a), (b) and (c) are SPS sintered for 5 min-
utes at 2100 �C containing 0.75, 2.5 and 3.75 wt.% AlN
whereas (d) is sintered using HP�Dwells sintering sched-
ule which contains 3.75 wt.% AlN. Al is more homoge-
neously distributed in (d). Black dots show the position
of initial AlN particles. (Image taken from [123])

It can be seen from this study that the AlN is fully homogeneous at

temperatures as low as 1850 �C. This raises the question of the mech-

anisms of this re-distribution. Bulk di↵usion is too slow a process [43]

at such low temperature for such a quick distribution to take place be-

cause of the low di↵usion coe�cients in SiC and AlN. Also the Al-maps

distribution profile does not support the bulk di↵usion theory which
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Figure 4.6.: TEM micrograph showing an Al profile across a grain
boundary in an ↵-SiC sample containing 3 wt% C and
3.75 wt% AlN SPSed at 2100 �C for 5 minutes.

would show the AlN reducing out spherically from the AlN powder

particles. This has not been the case and the Al has been found con-

centrated quite uniformly on the grain boundaries. A possible mech-

anism could be di↵usion along the grain boundaries. Evaporation of

AlN from AlN particles and re-condensation between the SiC grains

can be another method of redistribution of AlN. Thermodynamic cal-

culations suggest that it is possible for the AlN to evaporate at the
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Location carbon oxygen aluminium silicon

A 78.3 5.43 Trace 16.25
B 78.3 4 0.08 17.7
C 74 9.6 0.16 16.2
D 76.6 6.4 0.86 16.1

Figure 4.7.: TEM image of an SiC sample containing 3 wt% C and
3.75 wt% AlN SPSed at 2100 �C for 5 minutes and cor-
responding EDX data from the locations marked in the
image. All amounts are in wt%.

temperatures and pressures that it is exposed to during sintering as

can be seen from figure 4.8 as AlN solid thermodynamically becomes

unstable at the temperatures and presures applied.

Hence, in the green body the AlN is distributed at powder level, but

during heating to the sintering temperature the Al(N) redistributes
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Figure 4.8.: Pressure vs temperature graph showing the stable phases
of AlN solid, Al and N2 gasses. 1 mbar is a typical pressure
applied during vacuum sintering and hence above 1700 �C
AlN should decompose and evaporate.

to a much finer level and collects on grain boundaries and in triple

junctions. The redistribution coincides with the onset of active den-

sification whereas densification is much more limited when no AlN is

present. It is tentatively proposed that the rapid redistribution might

involve transport via the gas phase.

4.3. E↵ects of composition on sintering

and microstructure of SiC

After establishing the homogeneity of AlN in the samples, the e↵ects of

various amounts of AlN on sintering and microstructure were studied.
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In most samples, 3 wt% carbon was also added, but in one sample

no carbon was added, whereas in one other sample carbon has been

replaced by yttria to investigate their e↵ects on the sintering. The

main aim was to see if AlN causes LPS or SSS. All the compositions

and sintering schedules are given in tables 3.2 and 3.3.

4.3.1. E↵ects of additive systems on densification

and microstructure of SiC

It has been mentioned earlier in Chapter 2 that the use of AlN as a

sintering additive in SiC was as a replacement for alumina in LPS or

as a replacement to Al in SSS. However, when adding small amounts

of AlN, it is not clear whether a liquid phase forms or if sintering is by

solid state di↵usion alone.

Carbon reacts with silica present on the surface of the sample at

around 1398 �C [14] giving rise to CO gas so there should be a reduc-

tion in the vacuum present during heating at this temperature in the

samples containing carbon. Vacuum traces recorded during sintering

show three distinct regions in figure 4.9, the first region (a) is where

the vacuum is lost because of further pyrolysis of the resin through

which carbon was added. This increase in pressure was not seen in the

sample with no carbon. The second region (b) is where the reaction

between silica and carbon is known to occur. An increase in the gas

pressure in this region indicates that the reaction between carbon and

silica is occuring as expected. This is clear in the sample containing
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both C and AlN. The sample with no carbon did not show any change

in vacuum in region (b) confirming the lack of reaction in this temper-

ature range. The third region (c) is where the vacuum improves during

the hold time whereas the loss of vacuum is due to the expansion of

gases as the temperature increases.

Figure 4.9.: The graph showing the changes in the vacuum during hot
pressing with dwells. Losses in the vacuum at various tem-
peratures are evidence of chemical reactions evolving or
using gas at those temperatures.

The sample containing carbon and AlN achieved a density of 98%

of the theoretical density suggesting that AlN can activate SSS of SiC.

The SiC sample that only contained AlN also achieved a density of 97%

of the theoretical density. However, the SiC sample that only contained

C did not densify. Its final density was 66 % of theoretical density
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confirming the results of Maitre et al. [15] and Clegg [14]. Figure

4.10 show the densification curves derived from the ram movements

for the three samples, which confirms that carbon is not needed for

densification to occur.

Figure 4.10.: Densificaiton curves of SiC samples containing only C,
only AlN and C + AlN HPed with intermediate dwells.
(see table 3.3 for details about sintering schedule)

The micrographs of etched samples taken by SEM support the lack

of presence of liquid phase from the shapes of grains as can be seen in

figure 4.11.

TEM work showed that the grain boundaries are clean as can be

seen from figures 4.12 and 4.13.

A SPS sample of the same composition was analysed using TEM

(figure 4.14 and high resolution TEM (HRTEM) to check for presence

of the liquid phase on the grain boundaries. Figure 4.15 shows that the
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Figure 4.11.: The SEM micrograph of ↵-SiC sample containing 3 wt%
C and 3.75 wt% AlN sintered using HP-dwells schedule.

Figure 4.12.: TEM image of ↵-SiC sample containing 3 wt% C and
3.75 wt% AlN sintered using HP-dwells schedule.
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Figure 4.13.: HRTEM of a grain boundary in ↵-SiC sample containing
3 wt% C and 3.75 wt% AlN sample sintered using HP-
dwells schedule. There is no evidence of presence of glassy
phase.

grain boundaries are clean and there is no evidence of liquid present.

An interesting feature in figure 4.14 is the particle in the triple junc-

tion especially if this image is looked at in conjunction with SIMS

results in figures 4.5 and 4.4: the Al rich particles near the triple junc-

tion are therefore crystalline and not a glassy phase. The EDX results

confirmed the presence of Al and N as well as oxygen. Di↵raction pat-

tern taken from this location showed that it is AlN. As has been shown
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Location carbon oxygen aluminium Silicon Nitrogen

A 31.4 10.4 32.7 15.2 10.6

Figure 4.14.: TEM image of an SiC sample containing 3 wt% C and
3.75 wt% AlN SPSed at 2100 �C for 5 minutes. Se-
lected area electron di↵raction pattern and corresponding
EDX data from the locations marked in the image. All
amounts are in wt.%.

in figure 4.7, the triple junctions were rich in aluminium.

Microstructural observations in the TEM (4.15) suggest there was

no liquid phase present in the SPS sample containing carbon and AlN.

The SiC sample containing only AlN also achieved density close to

the theoretical. Surprisingly, there was no evidence of the formation of

liquid phase from the micrographs of the etched sample as can be seen

from shapes of grains in figure 4.16. However, the presence of some

liquid on the grain boundaries cannot be ruled out as AlN particles

are known to oxidise during sintering and even at room temperature
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Figure 4.15.: HRTEM image of SPS sintered sample containing carbon
and 3.75 wt% AlN. The grain boundaries are clean and
there is no evidence of liquid phase.

[124, 125].

Moreover, there are gaps on the grain boundaries so the glassy phase

might have been here but removed during etching. TEM images in

figures 4.17 and 4.18 do not show the presence of large amounts of

liquid phase in the microstructure. However, presence of a thin liquid

film on the grain boundaries cannot be ruled out.

The absence of carbon had one marked e↵ect: the grains are much
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Figure 4.16.: SEM micrograph of sample SiC sample containing only
3.75 wt% AlN sintered using HP-Dwells schedule.

larger (6 µm) and become elongated with an aspect ratio of 2.3. This

supports the argument of Maitre et al.[15] and Clegg [14] that carbon

restricts the grain growth in SiC sintering hence the absence of carbon

should lead to a coarse microstructure.

The yttria-AlN doped sample reveals the presence of the liquid phase

in the microstructure as can be seen in figure 4.19.

This study suggests that the confusion in the literature is justified.

AlN can act to induce both liquid phase sintering as well as solid state

sintering in densifying SiC depending on the other additives used. The

evidence suggests that without addition of other oxides, AlN activates
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Figure 4.17.: TEM image of SiC + 3.75 wt% AlN sample HPed with
dwells. The grain boundary does not show the presence
of the liquid phase.

solid state sintering.

4.3.2. E↵ect of level of AlN additions

The e↵ects of the amount of AlN added on the microstructure of SiC

were studied. The amounts of AlN ranged from 0.75 wt% to 3.7 5wt%.

All samples were sintered using fast SPS method at 2100 �C. The

densities as well as the grain shapes of all samples containing AlN

were similar as can be seen from the graph in figure 4.20.

However, grain size measurements, (figures 4.21 and 4.22) show that

increasing the amount of AlN leads to a small reduction in the grain

size. As discussed above AlN is found mainly on the grain boundaries
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Figure 4.18.: TEM image of SiC + 3.75 wt% AlN sample HPed with
dwells. The grain boundary does not show the presence
of the liquid phase.

and the data suggest that AlN discourages grain growth. Also the

sintering schedule used in this particular instance was short leaving

only limited time for grain growth.

The polytype content in samples with di↵erent amounts of AlN was

also studied. A plot of 6H polytype content against the amount of

AlN is presented in figure 4.23. An increase in the amount of AlN

leads to a decrease in the polytype transformation from 6H in the
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Figure 4.19.: TEM micrograph of 3 wt% yttria doped SiC with
3.75 wt% AlN SPS sintered at 1900 � C showing the pres-
ence of liquid phase.

starting powder to 4H. The stable polytype at this temperature for

the AlN content used should be 4H according to the work of Zangvil

and Ruh [7]. It is in agreement with the work of Pabit et al.[26] who

also found that increasing the amount of AlN lead to a reduction in

the polytype transformation from 6H to 4H.

A possible explanation is that the polytype transformation is linked

to the formation of SiC-AlN solid solution which is perhaps linked to
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Figure 4.20.: The e↵ects of amount of AlN on the relative densities of
SPSed SiC samples. AlN does not have an e↵ect on the
relative density.

the grain growth. Although AlN promotes the 6H to 4H polytype

transformation, it also suppresses the grain growth. These both are

competing processes but perhaps an increase in the grain growth is

necessary for the polytype transformation.

Moreover, the formation of an AlN-SiC solid solution is a slow pro-

cess hence the lack of polytype transformation in fast sintering pro-

cesses such as SPS. Increasing the time spent at sintering allows bulk

di↵usion to take place and could perhaps enhance the transformation

of 6H SiC into 4H.
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(a) 0.75wt%AlN (b) 1.5wt%AlN

(c) 2wt%AlN (d) 2.5wt%AlN

(e) 3.75wt%AlN

Figure 4.21.: Micrographs of ↵-SiC samples with 3 wt% carbon and
various amounts of AlN. All samples were sintered using
SPS at 2100 �C for 5 minutes. Image (d) taken from [123]
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Figure 4.22.: Graph shows e↵ects of the amount of AlN on grain size.
The trend lines above and below the values are plotted
at 95% predictability.

4.4. E↵ects of time on sintering

The sintering schedules were set up with a view to see the e↵ects

of sintering conditions on the densification and the microstructure of

the samples. The two methods used in sintering were SPS and HP.

SPS is a fast processing (heating rates of upto 600 �C per minute)

and densification method compared to hot pressing (heating rates of

20�30 �C per minute, which is relatively slow. The various sintering

schedules tried are given in the table 3.3.

The densification curves given in figure 4.24 suggest that the den-
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Figure 4.23.: Change in 6H polytype content with the change in the
amount of AlN in ↵-SiC + 3 wt% C SPS samples.

sification process started at a lower temperature in the slow sinter-

ing schedule as compared to the fast sintering where the densification

started at a slightly higher temperature. This is in agreement with the

work of Ray et al. [47] who found that increasing the heating rate from

2.5 �C min�1 to 20 �C min�1 lead to an increase of 100 �C in the onset

of sintering. Also the densification was kick-started by the increase in

the pressure during hot pressing.

The time spent at the sintering temperature did not have a huge

impact on the final densities. There was no di↵erence in the densi-

ties between the samples sintered for 30 minutes or 60 minutes with

the densities of 97.0 ± 0.01 and 97.9 ± 0.03% respectively, consistent
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Figure 4.24.: Densification curves for samples sintered using various
sintering schedules. All samples had the composition of
↵-SiC + 3 wt% C + 3.75 wt% AlN.

with the observations that the ram movement stopped after around 30

minutes. This suggests that the densification process is complete in

around 30 minutes and waiting for longer for any further densification

to take place does not make a di↵erence. However, a sample with the

composition of ↵-SiC with 3 wt%C and 3.75 wt% AlN hot pressed with

intermediate dwells showed relatively large (2.4 x 11.4 µm) elongated

grains with an aspect ratio of 5 and remarkable polytype transforma-

tion from 96% 6H to 100% 4H. Upon repeating the experiment, the

results turned out to be di↵erent with equiaxed grains and around 25%

polytype transformation from 6H to 4H. The author believes that the

original sample showing the complete polytype transformation did not
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(a) First attempt (b) Repeated experiment

Figure 4.25.: Micrographs of (a) First attempt (image taken from [123]
and (b) Repeated experiment of the sample that nomi-
nally contained ↵-SiC, 3 wt% C and 3.75 wt% AlN. They
were both sintered using the HP cycle with intermediate
dwells.

have the nominal 3 wt% C. In this early sample, the hard ’agglom-

erates’ due to carbon additions were partially removed rather then

crushed into the powder. These agglomerates perhaps contained more

carbon leading to the less carbon present in the fine powder that was

sintered. This carbon deficiency lead to large grains as well as the

polytype transformation. The microstructures of the first attempt and

the repeated sample are given in figure 4.25.

The results given in figure 4.26 show that increasing the time spent

at sintering temperature lead to a reduction in the amount of 6H and

an increase in the amount of 4H confirming the hypothesis as to why

no e↵ect of the AlN content was seen in the SPS samples. Some Al was

detected in the bulk of a grain in the SPS sintered sample containing

3 wt.%C and 3.75 wt.%AlN as can be seen from figures 4.6 and 4.7

which suggests that some bulk di↵usion has taken place but perhaps

the transformation of 6H into 4H due to this is relatively small enough
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to be in the measurement error range. However, even the most trans-

formed sample only contained around 30% 4H which suggests that the

transformation from 6H to 4H is a slow process and that for the 6H

to 4H polytype transformation to take place, a SiC-AlN solid solu-

tion needs to be formed. As explained above the AlN distributes in

the SiC-AlN powder mixture through grain boundary di↵usion and/or

evaporation-recondensation. However, for the formation of SiC-AlN

solid solution, it has to di↵use into the SiC grains. This process has

to be through bulk di↵usion which is a slow process. The polytype

transformation from 6H to 4H can be taken as a sign of formation of

this solid solution. The increase in the 4H polytype with time sug-

gests an increase in the SiC-AlN solid solution with time confirming

the occurrence of bulk di↵usion of AlN into SiC grains.

Finally, figure 4.27 shows the e↵ects of sintering time on the grain

size of the sintered samples. The graph shows that increasing the time

spent at sintering temperature leads to a slight increase in the grain

size due to grain coarsening [126].

4.5. Conclusions

The powder processing was found to be capable of achieving a ho-

mogeneous distribution of the AlN at a level consistent with the AlN

being present as individual particles. The start of densification was

found to coincide with an increase in the homogeneity of AlN between

1700 �C and 1850 �C. The proposed mechanism of this re-distribution
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Figure 4.26.: 6H content as a function of the time spent at sintering
temperature for three ↵-SiC samples all containing 3 wt%
C and 3.75 wt% AlN. Increasing time at sintering tem-
perature increases 6H to 4H polytype transformation.

is through grain boundary di↵usion or evaporation-recondensation. Al-

though a minimum amount of AlN (⇠ 0.75 wt%) is necessary to densify

SiC in hot pressing, the exact amount did not have a huge impact on

the grain size or the sintering behaviour of the material. After sinter-

ing, AlN was found on the grain boundaries and in triple junctions.

However, some traces of Al were also detected inside the SiC grains.

Increasing the amount of AlN in the starting powder lead to an in-

crease in the amount present on the grain boundaries. Some evidence

of the polytype transformation suggested by Zangvil and Ruh [7] was

observed however, the di↵erences were within the error of the measure-
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Figure 4.27.: Time spent at sintering temperature for three ↵-SiC sam-
ples all containing 3 wt% C and 3.75 wt% AlN. Increasing
time at sintering temprature increases grain size.

ment method.

It is suggested that the polytype transformation from 6H to 4H in

SiC can be taken as an indicator of the formation of SiC-AlN solid

solution. This can only happen if AlN di↵uses into the SiC grains

through bulk di↵usion. That is why there was some evidence to suggest

that increasing the time spent at sintering temperature leads to an

increase in the polytype transformation.

AlN + yttria doped SiC samples showed the presence of liquid phase

in the microstructure. No evidence of liquid phase was found in the

SiC samples containing carbon and AlN. This is consistent with some
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findings in the literature[14]. The evidence for a liquid phase when

only AlN is added is more limited suggesting that sintering is via solid

state di↵usion. However, the presence of small amount of liquid phase

on the grain boundaries cannot be ruled out.

In line with the work of Clegg [14] and Ermer and Wieslaw [16],

carbon can limit grain growth. Since grain size decreases with AlN

content, it is proposed that AlN can also restrict grain growth.
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5. Small scale indentation

One reason for adding AlN as a sintering additive to SiC was to improve

the hardness response of SiC with a minimal impact on the toughness.

This is believed to be the case because AlN promotes the formation

of equi-axed grains whereas the use of carbon keeps the grains finer

[14, 16].

However, such a sweeping statement is dangerous because hardness

is a system property: it depends both on a range of material properties

as well as on the properties and shape of the indenter.

A wide range of deformation mechanisms can contribute to the size

of the imprint. There is always elastic deformation, but additionally

plasticity [127], phase transformations [128–131] and cracking [111] can

be initiated as well. The latter typically only occurs when higher loads

are applied. So when indents are small, only the elastic and plastic

properties of the material and the shape and properties of the indenter

will determine its hardness.

This chapter is therefore devoted to investigating the e↵ect of the

SiC microstructure on the hardness at the small scale where perma-

nent deformation should only be due to plasticity. In such cases, the
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measured hardness can be related to the yield strength of the mate-

rial [63, 79, 83, 132–137]. In ceramics such as SiC, the yield strength

can be expected to be dominated by the Peierls stress and therefore in

contrast to arguments being made about the e↵ect of grain size, the

microstructure should perhaps not matter too much. This is a first

question the work reported in this chapter sought to clarify.

Secondly, the Peierls stress is the resistance to dislocation motion due

to energy changes in the lattice when the dislocation moves through the

lattice at 0 K. Normal compression testing of ceramics is only viable

at high temperatures or under confining pressures. Such experiments

are cumbersome and determination of the Peierls stress requires ex-

trapolation to 0 K from very high temperatures. Therefore, a second

question this chapter tries to answer is whether near room temperature

measurements of the hardness using di↵erent strain rates can be used

to obtain reasonable estimates of the Peierls stress.

Hence this chapter contains two sections: in the first, the hardness of

markedly di↵erent microstructures will be contrasted with the hard-

ness measured on single crystal substrates of SiC to clarify whether

microstructure has a strong e↵ect on hardness of SiC near room tem-

perature. The second section compares the estimates of the Peierls

stress and the activation energy to move dislocations by indentation to

the results obtained elsewhere by compression tests at high tempera-

ture to evaluate the determination of such properties from indentation

data.
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5.1. E↵ects of microstructure on hardness

and sti↵ness

Berkovich indents were made using loads of 100 mN, 200 mN and

400 mN into various samples of SiC, polished to 1 µm or better.

As shown in figure 5.1, the di↵erence in hardness of samples sintered

using SPS with various amounts of AlN is very small at this scale. Even

the e↵ect of a liquid phase on the grain boundaries as in the sample

with yttria does not make a significant di↵erence to the hardness.

Figure 5.1.: hardness as a function of applied load for samples with
di↵erent grain size and compositions. All samples were
SPSed at 2100 �C for 5 minutes.

The hardness of SiC at the nano-scale (figure 5.1) is higher than
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the hardness reported [99] for SiC at macro scale which is consistent

with the indentation size e↵ect argument that hardness drops with

increasing load. Some evidence of this is observed even in this nano-

indentation region too. However, an exception was the hardness results

from the 2 wt% AlN sample where hardness actually increased with

load. This e↵ect is attributed to the bluntness of the tips this sample

was measured at the end of a long series of measurements. Indenting

with a blunt Berkovich tip is similar to spherical indentation where

the area to depth ratio is not constant. In spherical indentation, the

initial contact is elastic and the pressure increases with applied load.

Plastic deformation only occurs when a su�ciently high load is reached.

Moreover, work hardening takes place and the hardness seems to be

increasing with increasing depth [138]. This e↵ect is more prominent

in hard ceramics because of the low indentation depth. For example,

the indentation depth was only 1 µm at 400 mN load for an SPSed

sample with composition fo SiC + 0.75 wt% AlN and 3 wt% C.

If the comparison is made between the hardness and the grain size

(figure 5.2) then the hardness is seen to vary with grain size but not

systematically. In any case there is no reduction for an increase in hard-

ness for smaller grains. This goes against the idea that the hardness

would increase with a reduction in the grain size because grain bound-

aries act as barriers to dislocation motion making it harder for the

material to plastically deform. However, this principle should perhaps

not apply in materials where the stress required to move a disloca-

tion through the lattice [127] is the rate determining step as the grain
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boundaries will then be of secondary importance.

Figure 5.2.: E↵ect of grain size on nano-hardness. The hardness of SPS
as well as HP sintered SiC samples is given. The hardness
at zero of x-axis is the hardness of 6H�SiC and 4H�SiC
single crystals for comparison.

The small di↵erences in hardness can be explained by points of weak-

ness in the material. For example, if an indent is made closer to a pore

then the material has some space to be pushed into which makes it

easier for the indenter to penetrate deeper into the sample resulting in

lower hardness. Consistent with this, figure 5.2 reveals that the hard-

ness of larger grained sample is higher than that of the finer grain sam-

ples. In such large grained materials the pores are still found mostly

between the grains (see Chapter 4), and therefore indents are made

in essentially single crystals of SiC. In fact the hardness of the large
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grained sample is close to the hardness of the single crystal.

If the size of the indent is small compared to the grain size then

the indent is not a↵ected by the porosity and the hardness is e↵ec-

tively close to the hardness of that particular single grain. The single

crystals of two di↵erent polytypes have slightly di↵erent hardness (fig-

ure 5.2), which is in agreement with the work of Umeno et al. [6]

that di↵erent polytypes have slightly di↵erent mechanical properties.

The higher scatter for polycrystalline samples compared to the single

crystals indicates that at this scale, the e↵ect of plastic anisotropy on

hardness is contributing to the small di↵erences in hardness observed.

In contrast, when indenting finer grained materials, even small indents

cover a large fraction of single grain and hence avoiding the influence

of porosity becomes di�cult.

Increasing the time spent at sintering temperature appears to reduce

the nano-hardness (figure 5.3). It can be argued that sintering time

leads to formation of the SiC-AlN solid solution which has slightly

lower hardness [139] which reduced the hardness. The presence of

small amounts of AlN on the grain boundaries is not expected to have

an impact on nano-hardness.

A key finding from this study is that the nano-indentation hardness

in SiC is independent of the grain boundary phase or even to some

extent the size of grains. Almost all samples showed similar hardness

and indentation response.
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Figure 5.3.: Increasing time spent at sintering temperature reduces the
hardness. Both sample types had the same composition of
↵-SiC + 3 wt% C + 3.75 wt% AlN. HP60 spent 60 minutes
at sintering temperature (2045 �C) whereas SPS only spent
5 minutes at sintering temperature (2100 �C).

5.2. Measurement of plasticity

parameters

The previous section indicates that hardness does not seem to be af-

fected by the grain boundaries or the phases present on the grain

boundaries. This suggests that perhaps grain boundaries do not con-

trol the plasticity. Plasticity is controlled by the strongest obstacle to

the dislocation motion. Therefore, unlike in metals, in hard ceramics

at room temperature, the grain boundaries are not the strongest bar-
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riers to dislocation motion in hard ceramics but rather the stress to

move the dislocations within the lattice determines the deformation.

Measurements of the plasticity parameters, which describe the lat-

tice resistance, such as activation energy, Peierls stress and activation

volume should be able to provide further evidence that the deformation

behaviour of SiC at room temperature is controlled by the lattice resis-

tance and establish whether the addition of AlN really has an influence

on its deformation or indentation response.

The method employed to calculate the Peierls stress, activation vol-

ume and activation energy is nano-indentation at various temperatures

and loading rates. The loading rates can be converted into strain rates

to establish the e↵ects of strain rates on the hardness response of the

material. Known relationships between hardness, yield stress and shear

flow stress of hard ceramics have been employed to measure the shear

flow stress. The shear flow stresses measured at various temperatures

will be used to extrapolate back to 0 K temperature to estimate the

value of Peierls stress.

5.2.1. Development of model to measure plasticity

parameters of SiC

To measure the Peierls stress, activation volume and activation energy,

first, the relation between strain rate and applied stress for the lattice

resistance will be derived. As shown in figure 5.4 the shear strain, �

when a single dislocation moves through a sample of length, L can be
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expressed as:

� =
b

D
(5.1)

Figure 5.4.: Schematic showing relationship between strain �, Burgers’
vector b and the dimensions of the sample.

Where D is the distance between two atomic layers. and ` is the

distance travelled by dislocation between two atomic layers in one step.

For an intermediate stage during the dislocation motion where ` is

a distance smaller than L, the strain is only

� =
b

D
· `
L

(5.2)

Di↵erentiating 5.2 with respect to time , t given:

d�

dt
=

b

DL
· d`
dt

(5.3)

where
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d`

dt
= ! (5.4)

! is the dislocation velocity. For N parallel dislocations

d�

dt
=

N

DL
· b! (5.5)

and

N

DL
= ⇢m (5.6)

where ⇢m is the mobile dislocation density hence;

d�

dt
= ⇢m · b · ! (5.7)

where d�
dt

is the strain rate and b is the Burgers vector.

! depends on the Burgers vector, which is the the distance travelled

by dislocation with one jump, and the number of successful jumps per

unit time. This in turn depends on the attempts made multiplied by

the likelihood of their success.

In the absence of any stress, the dislocations jump in both forward

and backward directions which can be expressed as:

! = v · b · exp
✓
� Q

kT

◆
� v · b · exp

✓
� Q

kT

◆
(5.8)

where v is the attempt frequency, Q is the activation energy, k is

the Boltzman constant and T is temperature. In the presence of the
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stress, equation 5.8 can be converted into equation 5.9

! = v · b · exp
✓
�Q� ⌧Va

kT

◆
� v · b · exp

✓
�Q+ ⌧Va

kT

◆
(5.9)

or

! = v · b · exp
✓
� Q

kT

◆ 
exp

✓
⌧Va

kT

◆
� exp

✓
�⌧Va

kT

◆�
(5.10)

where ⌧ is the applied shear stress, Va is the activation volume which

is defined as the volume the single dislocation sweeps through when it

moves by one Burgers vector as shown in figure 5.5 [140]

If stress is applied then the number of dislocations jumping in the

direction of the stress will increase. For high applied stress

exp
✓
⌧Va

kT

◆
>> exp

✓
�⌧Va

kT

◆
(5.11)

So if the backward jump of the dislocations is ignored then equation

5.10 can be simplified to equation 5.12.

! = v · b · exp
✓
� Q

kT

◆
exp

✓
⌧Va

kT

◆
(5.12)

Now if equation 5.7 is combined with equation 5.12 then

d�

dt
= ⇢m · b2 · v · exp

✓
� Q

kT

◆
exp

✓
⌧Va

kT

◆
(5.13)
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Figure 5.5.: A schematic to show in physical terms the projected acti-
vation volume, Va and dislocation movement. Activation
energy Q is the energy required for the dislocation to move
from one plane to the next. The arrow shows the direction
of shear flow stress ⌧ .

Solving equation 5.13 for applied stress yields:

⌧ =
kT

Va

· ln
" 

1

⇢m · b2 · v
d�

dt

!

exp
✓
Q

kT

◆#

(5.14)

or
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⌧ =
Q

Va

+
kT

Va

ln

"
d�

dt

#

� kT

Va

ln
h
⇢m · b2 · v

i
(5.15)

If it is assumed that the activation volume Va remains constant with

temperature then

Q = ⌧pVa (5.16)

where ⌧p is the stress required to move a dislocation by one step at

0 K otherwise known as the Peierls’ stress. Then equation 5.15 can be

simplified further to.

⌧ = ⌧p +
kT

Va

ln

"
d�

dt

#

� kT

Va

ln
h
⇢m · b2 · v

i
(5.17)

By using equation 5.17, plasticity parameters for silicon carbide can

be calculated. The data for this model can be obtained from nano-

indentation experiments.

5.2.2. Obtaining the data for the model using

nano-indentation

The nano-indentation experiments were designed with the aim of mea-

suring the strain rates and shear flow stresses at various temperatures

to use in the model and calculate the plasticity parameters. Since the

model assumes pure plastic deformation with no cracks, crushing or

phase changes, they have to be avoided by selecting an appropriate

experimental setup. For this purpose the Berkovich diamond tip at
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loads where there was no cracking was used.

The samples 6H and 4H single crystals of SiC, a fine grained (1.7 µm)

sample of SiC containg 2.5 wt%AlN and 3 wt% C produced by SPS,

and a coarser grained (8.6 µm with aspect ratio of 3.6) SiC sample

containing 3.75 wt% AlN and some carbon produced by HP-Dwells

sintering schedule (see table 3.3), using loads of 100 mN and 200 mN.

The loads were taken so that the cracking could be avoided during

indentation. An SEM image of an indent made using 200 mN load is

given in figure 5.6.

Figure 5.6.: SEM image of a nano-indent made using 200 mN load in
the sample containing 2.5 wt%AlN and 3 wt% C produced
by SPS. No cracks can be seen at the corners of the indent.
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The loading rates chosen were such that the maximum loads were

achieved in 4, 20 and 100 seconds. The indentations in the coarse

grained sample were carried out at 295 K, 373 K and 473 K. Other

samples were indented at room temperature only. 10 indents were

made at each load, loading rate and temperature.

Methods to measure the strain rate for loading rates in

nano-indentation

The loading rates can be changed in order to change the rate at which

the material has been strained. These loading rates can be changed

into strain rates, �̇ to see the e↵ects of strain rates on hardness using

equation 5.18.

�̇ =
d�

dt
=

1

ht

· dht

dt
(5.18)

where ht is the total displacement of the indenter. A graph of hard-

ness versus strain rate from simple average strain rates calculated from

loading rates and loads using the equation 5.18 is shown in figure 5.7.

Figure 5.7 reveals that temperature clearly a↵ects hardness but the

strain rate during loading apparently has no e↵ect. However, an im-

portant consideration is that the hardness is measured at the end of the

loading curve and after a dwell which is needed to equilibrate the dis-

placement. However, plastic flow occurs [141, 142] during the dwell re-

sulting in eradication of any loading e↵ects on hardness (see schematic

figure 5.8). Another problem is only one hardness value is extracted
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Figure 5.7.: Graph showing the e↵ect of strain rate and tempera-
ture on hardness for both coarse (8.6 ± 3.3 µm) (SiC
with + 3.75 wt% AlN and some carbon sintered using
HP-D sintering schedule (see table 3.3) and fine grained
(1.7 ± 0.3 µm) (SiC + 2.5 wt% AlN + 3 wt% C SPSed for
5 minutes at 2100 �C) SiC. Hardness values are for 200 mN
load and calculated from unloading slope.

from each indent because of the need of an unloading slope to measure

the hardness.

As a result of this, there was a need to measure the hardness before

the dwell time and in fact at all the points on the loading curve. The

loading rates can be converted into strain rate all along the loading

curve using the expression given in 5.18

Now the next step is to calculate hardness at all the points on the

loading curve. As can be seen from figure 3.6, the hardness calculations
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Figure 5.8.: A schematic of load vs displacement curves produced at
two di↵erent strain rates. Strain rate e↵ects disappear as
the hardness is calculated from unloading.

require knowledge of the slope of the initial unloading curve which is

used to separate the elastic and plastic response of the material during

indentation. This can then be used to estimate the area of the indent

after unloading.

However, for a bulk material the Young’s modulus should not vary

with indentation depth. This is confirmed with experimental data in

figure 5.9.

Therefore, for a bulk material the unloading slope can be predicted

from Young’s modulus by re-arranging equation 3.20.

S = 2Er

s
Ac

⇡
(5.19)

171



Figure 5.9.: Elastic modulus versus applied load. The sample tested
was the fine grained (1.3 ± 0.3 µm) SiC sample with the
composition of SiC + 3 wt% C and 3.75 wt% AlN SPSed
for 5 minutes at 2100 �C.

Now if the S is replaced in equation 3.18 then

hc = ht � ✏
F

2Er

s
⇡

Ac

(5.20)

Equation 5.20 can be iteratively solved. Iterations are necessary

as projected area, Ac is a function of contact height, hc. Hence the

hardness at all points on the loading curve as well as from the data

collected during dwell at maximum load can be calculated.

Figure 5.10 shows that when instanteneous hardness data is used,

the hardness does depend on strain rate. However, the strain rate

calculated for the loading curve is based on total strain rate whereas

the plasticity model only considers the plastic strain rate.
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Figure 5.10.: Hardness against strain rate showing that hardness for
instantaneous hardness values increases with increasing
strain rate for a change in load based strain rate calcu-
lation. Fine grains are 1.7 µm and coarse grains are 8.6
µm. Lines on the plot are the predicted change in hard-
ness with strain rate using the model developed.

Therefore, Bhakhri et al. [143] proposed that the total strain rate

must be divided into a plastic and elastic contribution. Total strain

rate �̇t is the sum of both elastic strain rate �̇e and plastic strain rate

�̇p.

�̇t =
1

ht

· dht

dt
= �̇p + �̇e (5.21)

which can be written as
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1

ht

· dht

dt
=

1

ht

· dhp

dt
+

1

ht

· dhe

dt
(5.22)

They provided a method for calculating the plastic strain rate from

the data. Using this method the variation of hardness with strain rate

is given in figure 5.11.

Figure 5.11.: Hardness against strain rate showing that hardness in-
creases with increasing strain rate. f is fine grained SiC,
c is coarse grained SiC. 4H and 6H are single crystals of
the 4H and 6H SiC polytypes respectively.

It is worth noticing from figure 5.11 that the strain rate sensitivity

of both single crystals and polycrystalline materials is the same at

room temperature however the hardnesses are di↵erent. Hence the

strain rate sensitivity of SiC does not depend on its grain size. This
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confirms further that the dislocation velocity is not controlled by the

grain boundaries. Hence it is not unreasonable to assume that the

plastic deformation mechanisms in these ceramics is controlled by the

lattice resistance, i.e. the rate of deformation is controlled by the single

step through the lattice. The higher hardness of single crystals is due

to the orientation of indents relative to the primary slip plane which

in SiC is expected to be basal plane [144] and the e↵ect of plastic

anisotropy is stronger than the e↵ect of grain boundaries. Again, the

higher scatter in the data of the poly crystalline material reflects the

fact that the indents were made at various orientations which lead to

the scatter.

The coarse grained sample had a large amount (more than 90%) of

4H phase present whereas the fine grained sample was predominantly

(more than 90%) 6H. The results indicate that they both behaved in a

similar fashion to their respective single crystals. The strain rate e↵ect

on room temperature hardness is the same for both single crystals as

well as the polycrystals. However, the hardness of 6H single crystals

was higher then 4H at all strain rates. Polycrystals also followed the

same trend as their respective single crystals. The hardness of 6H

single crystal was also higher than 4H at all strain rates.

The temperature had an influence on the strain rate sensitivity which

doubled from 0.8 GPa per decade of strain rate at room temperature

to 1.6 GPa per decade of strain rate at 100 �C and to 2.7 GPa per

decade of strain-rate at 200 �C.

Hence, at these moderate temperatures, the hardness is indeed dom-
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inated by the magnitude of the lattice resistance. The size of the grains

might become important at higher temperatures but at these relatively

low temperatures, they do not appear to have a significant impact on

nano-hardness.

Conversion of hardness into shear flow stress

Various models exist to convert hardness into a uni-axial yield stress

which can then be converted into shear flow stress, ⌧ . (see figure 5.12

Figure 5.12.: Various models [63, 79, 81, 82, 145–148] and equations
used to convert hardness into Yield stress.

Of the analytical models the work by Vandeperre et al.[145] agrees

most closely with finite element calculations of Cheng and Cheng [81].

Their [145] analytical model is based on the expanding cavity model

[82] and relates hardness and yield stress through:
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H

Y
=

2

3

(

1 +
3

3� 6�
ln

 
(3 + 2µ) · (2� · (1� ⇣)� 1)

(2�µ� 3µ� 6�) · ⇣

!)

(5.23)

where

⇣ =
Er

Er � 2H · tan↵ (5.24)

and

� =
(1� 2⌫)Y

E
(5.25)

µ =
(1 + ⌫)Y

E
(5.26)

where E is the Young’s modulus, Er is the reduced modulus, ⌫ is

the Poisson ratio, and ↵ is equivalent semi-angle of the indenter. This

yield stress was then converted into shear flow stress by dividing it by

2 according to the Tresca yield criterion. The results for the strain

rate dependence of the shear flow stress are shown in figure 5.13

5.2.3. Incorporation of data into the model to

measure the plasticity parameters

The shear flow stress and strain rate data obtained from nano-indentation

experiments can be incorporated into equation 5.17. From this equa-

tion, if shear flow stress is plotted against the natural logarithm (Ln)
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of strain rate, then the activation volume, Va can be calculated from

the slope of the lines as can be seen from the figure 5.13. The acti-

vation volumes were found to be 1.68 ⇥ 10�29 m3, 1.45 ⇥ 10�29 m3

and 1.20 ⇥ 10�29 m3 for the temperatures of 295 K, 373 K and 473 K

respectively. Although the activation volume seem to be increasing

with increasing temperature, the di↵erences are small. For simplicity,

the average value of these three activation volumes was taken which

was found to be 1.44 ⇥ 10�29 ± 0.25 ⇥ 10�29 m3 which is around 4

times the Burgers vector cubed, b3 assuming the deformation is by

dislocations present in the basal plane with the Burgers vector b=a/3

[1 1 2̄ 0] dissociates into two partial dislocations with Burgers vector

of b1 = a/3 [1 0 1̄ 0] and b2 = a/3 [0 1 1̄ 0]. [144]. The Burgers vector

was taken to 0.154 nm.

Equation 5.17 can be modified into the form of equation 5.27.

⌧ = ⌧p �
kT

Va

ln

"
⇢m · b2 · v

�̇

#

(5.27)

From equation 5.27, if shear flow stress is plotted against temper-

ature then the Peierls stress, ⌧p, can be read o↵ the y-axis, whereas

the product of mobile dislocation density, ⇢m and attempt frequency,

� can be calculated from the slopes of the curves as can be seen in

figure 5.14.

Once the activation volume and the Peierls stress are known, then

equation 5.28 can be used to calculate the activation energy to move

dislocation by one step.
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Figure 5.13.: Plot of shear flow stress against the strain rate can be
used to calculate the activation volume from the gradi-
ents of the curves. the sample tested is SiC + 3.75 wt%
AlN and some carbon sintered using HP-Dwells sintering
schedule (see table 3.3 for details) with the grain size of
8.6 µm.

Q = ⌧pVa (5.28)

The results of these calculations as well as the constants used are

given in table 5.1.

Comparing these with published values [127, 149] shows that these

estimates are reasonable. The drop in hardness with increase in tem-

perature correlates well with published data as can be seen from figure

5.16. The Peierls stress calculated from indentation is 12 ± 1 GPa.
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Figure 5.14.: Plot of shear flow stress against temperature. The shear
flow stress at 0 K is the Peierls stress whereas the acti-
vation volume can be calculated from the slopes of the
curves.

The activation energy for dislocations was estimated to be 1.75 ± 0.4

⇥ 10�19 J (1.1 ± 0.3 eV). This is in fair agreement with the activation

energy from high temperature compression by Fujita et al.[149] and

Pirouz et al.[127] which are 3.4 eV and 1.67 ± 0.16 eV respectively.

The model quite accurately predicts a drop in hardness with the in-

crease in temperature. This is because of extra energy that is supplied

which makes it easier to move dislocations in the material and hence

hardness reduces. This suggests that the deformation in hard ceramics

is controlled by the Peierls stress of the material. The e↵ect of grain

boundaries on the deformation is secondary which explains the hard-
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Figure 5.15.: Plot of shear flow stress against temperature. The drop in
shear flow stress with increasing temperature is predicted
by model and data correlates well with the literature [127,
149].

ness results discussed in the previous section where the amount of AlN

on the grain boundaries had no e↵ect on hardness. Plastic anisotropy’s

influence is stronger than the e↵ect of grain boundaries. This explains

why the single crystals were harder then the polycrystalline samples.

5.3. Conclusions

Sintered silicon carbide was indented using very small loads (100 mN,

200 mN and 400 mN) to measure its hardness. As far as any trends

with grain size could be established, the hardness increased with in-

creasing grain size and single crystals exhibited the highest hardness.
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Figure 5.16.: Plot of hardness against temperature. The drop in hard-
ness with increasing temperature predicted by the model
correlates well with the literature [127, 149] for SiC single
crystals

It is proposed that this is due to limited residual porosity which in

large grained material remains far from the indents and hence has only

limited influence while pores are closer to the indent in fine equiaxed

materials.

The hardness increased with strain rate. The strain rate sensitivity

increased with increasing temperature. It doubled from 0.8 GPa per

decade increase in strain rate at room temperature to 1.6 GPa per

decade strain rate at 100 �C and quadrupled to 2.9 GPa per decade

strain rate at 200 �C.

Plasticity parameters were calculated through the development of
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Table 5.1.: ? parameters are calculated from the equation. Attempt
frequency, v was taken from Frost and Ashby [150], Burg-
ers vector was calculated from assumption of partial dislo-
cations [127, 151, 152].

Property Value

Boltzmann constant, k 1.38 ⇥ 10�23 J K�1

Burgers vector, b 1.54 ⇥ 10�10 m
Attempt frequency, v 1011 s�1

?Activation volume, Va 1.44 ⇥ 10�29 m3

?Mobile Dislocation Density, ⇢ 4 ⇥ 1010 - 2 ⇥ 1014 m�2

?Peierls stress, ⌧p 12 ± 1 GPa
?Activation energy, Q 1.1 ± 0.3 eV

a model. These parameters include, Peierls stress (12 ± 1 GPa),

Dislocation activation energy (1.1 ± 0.3 eV) and activation volume

(1.44 ⇥ 10�29 m3). The calculated results were in good agreeement

with published data for the activation energy from compression tests

at high temperatures and can be used to predict the decrease in hard-

ness for higher temperatures.

Hence the determining factor in the plastic flow in SiC near room

temperature is the Peierls stress rather than the grain size. It suggests

that the grain boundaries and grain size are perhaps of secondary im-

portance in determining plastic deformation in SiC near room temper-

ature.
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6. Large scale indentation

After the analysis of small scale indents in the previous chapter, the

e↵ects of increasing the size of the indents were investigated to es-

tablish how size alters the response of SiC and to determine whether

larger indents would reveal di↵erences in behaviour between the di↵er-

ent compositions or sintering cycles.

Studying larger scales was also motivated by the idea that depend-

ing on the application, contact damage might form at di↵erent length

scales. To make comparisons with the small scale experiments eas-

ier a Vickers indenter was used although other indenter types may be

more appropriate. For example, spherical indentation is often used to

investigate wear resistance [153–155].

The expected di↵erences in behaviour when the indent size is in-

creased are that cracks will form and that the hardness values are

typically lower. Therefore in the first part of this chapter, the vari-

ation of hardness with applied load will be discussed. In the second

part, the appearance of cracks is used to investigate the interaction

of the cracks with the microstructure and therefore potentially estab-

lish which toughening mechanisms are active. Indentation cracks are
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sometimes also used to measure the actual toughness but various con-

versions are available and the method has been criticised. The results

obtained here are used to evaluate the di↵erent approaches in the liter-

ature. Finally, the final section of this chapter reports new observations

made after unloading.

6.1. E↵ects of microstructure on hardness

The hardness measurements were carried out at a range of loads to

see the e↵ect of scale on the response of the SiC. The hardnesses from

Vickers indents have been measured using the projected area rather

then the contact area which is usually used for Vickers indentation to

enable comparison with results from nano-indentation discussed in the

previous chapter.

Figure 6.1 reveals the hardness of SiC samples in this study drops

with increasing porosity. This is because the pores provide space for

material to move into when it is pushed by the indenter allowing the

indenter tip to penetrate deeper into the sample and resulting in a

reduced value of hardness. This observation is consistent with the

literature [156].

The indentation results given in figure 6.2 of samples containing

various amounts of AlN all sintered using fast SPS show that there

again is not much di↵erence in hardness response even when larger

loads are applied. This confirms that changing the amount of AlN

from 0.75 wt% to 3.75 wt% does not a↵ect the hardness behaviour.
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Figure 6.1.: Graph showing a reduction in hardness measured using
5 Kg load with increasing porosity. All samples had the
composition of ↵-SiC + 3 wt% C + 3.75 wt% AlN sintered
using various HP and SPS schedules. The published data
is taken from Slustker et al.[156].

As explained the hardness drops when the load is increased. This

load dependence is stronger in large grained (6 µm) sample as can be

seen in figure 6.3. The hardness drops from 36 GPa at 100 mN load to

17 GPa at 49,050 mN. However, a sample with finer grains (2.3 µm),

although lower in hardness at small loads, retained its hardness better

at higher loads.

This high hardness of the coarse grained sample for low loads can be

understood from the fact that in this sample, small indents are made

in the fully dense grains and not a↵ected by the intergranular porosity,
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Figure 6.2.: Graph showing how the hardness varies with load for dif-
ferent amounts of AlN. The samples were made by using
SPS at 2100 �C for 5 minute.s and all contained ↵-SiC
starting powder and 3 wt% C.

whereas for fine-grained materials, pores do a↵ect the hardness even

when making small indents.

Another explanation for lower hardness of coarse grained sample

is perhaps linked to its indentation damage mechanisms which are

di↵erent from all the rest of the sample. As can be seen from figure

6.4 that the large grained sample gets crushed. An example typical of

all other samples is given in figure 6.4 as well.

A comparison between the hardness of samples that spent di↵erent

times at the sintering temperature is given in figure 6.5. It shows

that although these samples had slightly di↵erent hardness responses
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Figure 6.3.: Graph showing a comparison between the sample with
large grain size (with 0wt% carbon) and the sample with
fine grains (with 3 wt% carbon). The large grained sam-
ple drops in hardness much more rapidly then the sample
with fine grains. Both samples were sintered using HP-D
sintering schedule. SPSed sample had 3 wt% yttria and
3.75 wt% AlN in SiC.

at the nano-indentation scale, their hardness responses at the macro

indentation scale are similar.

6.2. E↵ect of microstructure on cracking

in SiC

Once cracks form around indents, their size can be used to obtain an

estimate of the toughness. Several relationships between applied load,
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(a) No carbon

(b) 3wt% carbon

Figure 6.4.: Cracking in and around the indent made using 5 kg load.
(a) Sample with no carbon, (b) Sample with carbon. Both
samples were sintered using HP-D schedule and contained
↵-SiC and 3.75 wt% AlN

sti↵ness, hardness, crack length and toughness have been proposed,

the best known are those of Niihara [96]
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Figure 6.5.: Graph showing a comparison between the sample that
spent one hour on the sintering temperature (HP60) and
a sample that only spent 5 minutes (SPS). HP-D sample
spent half an hour however, it spent longer time at the
temperature above 1800 �C then the HP60 sample.The
hardness at small scale is higher for SPSed sample.

K1C = 0.018 ·H
p
a ·
✓
E

H

◆ 2
5

· 1
q

c
a
� 1

(6.1)

K1C = 0.067 ·H
p
a ·
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H

◆ 2
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· 1
c
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3
2

(6.2)

and Anstis et al. [77]:

K1C = 0.016 ·
s
E

H
· F
c

3
2

(6.3)

where K1C is the fracture toughness, H is hardness, a is half of the
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diagonal length of the indent, c is the crack length, F is load and E is

the Young’s modulus.

These crack lengths were measured from SEM images using ”Corel

Draw” software. The principle is the same as used in measuring the

grain size or size of indents where the scale bar is used as a reference

length.

Another practical problem is the choice of load at which indentation

toughness is to be measured. The hardness drops with load until it

reaches a steady state [99]. The indentation toughness can be more

accurately measured at the indentation load where the cracks have just

reached this steady state.

All the equations given above (6.1, 6.2 and 6.3) were used to measure

the toughness of a SiC sample at three di↵erent loads. It can be seen

from figure 6.6 that they all yield di↵erent results that the toughness

increases for increasing indentation loads for both methods. However,

the increase in the method of Niihara [96] is considerably more than

Anstis et al. [77]. This is because of the di↵erences in the assumptions

used as well as the di↵erent parameters used in the calculations as

discussed in the Chapter 2. The Niihara [96] equation for Palmqvist

type cracking is closer to results obtained following Anstis et al. [77]

whereas Niihara’s [96] equation assuming half-penny cracking showed

unrealistically high toughness results. It can be concluded that perhaps

the crack shape in this load region is closer to Palmqvist then half-

penny. However, this cracking pattern changes with load. It was found

by Jones et al. [97] that increasing the load leads to extension of
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Figure 6.6.: Graph showing indentation toughness of an ↵-SiC sam-
ple containing 3 wt%C and 2 wt% AlN SPSed for 5 min-
utes as calculated using Niihara [96], and Anstis et al.[77]
approaches.

Palmqvist cracks which eventually end up becoming half-penny cracks.

For the purpose of the current study, the absolute toughness value

calculation is not the aim but rather a study of how the cracks proceed

with load.

The c/a ratios of the samples sintered using SPS containing amounts

of AlN in the range from 0.75 wt% to 3.75 wt% are given in figure 6.7

Figure 6.7 suggests that the c/a ratio decreases with increasing

amount of AlN however the di↵erences between the samples are within

the error range. This result suggests that the changes in the amounts

of AlN from 0.75 wt% to 3.75 wt% does not influence the crack prop-
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Figure 6.7.: Graph shows that there is little di↵erence between the c/a
ratios of these samples di↵ering in the amount of AlN from
0.75 wt% to 3.75 wt%. All samples were sintered using
SPS for 5 minutes.

agation significantly.

The e↵ect of time spent at temperatures above 1850 �C on the c/a

ratio was also found using the samples with the compositions of ↵-SiC

with 3 wt% C and 3.75 wt% AlN. The fastest sintering schedule was

the SPS followed by HP for 60 minutes and then the slowest was the

sample that was dwelled at intermediate temperatures as described in

table 3.3.

Figure 6.8 reveals that there is a slight increase in the c/a ratio

which is a sign of reduction in toughness however the increase is within

the measurement error range. This result suggests that the sintering
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Figure 6.8.: Graph of c/a ratio as a function of time spent above
1800 �C during sintering showing a reduction in c/a ratio
which translates into increased toughness with increase in
time spent above 1800 �C. All samples had the composi-
tion of ↵-SiC + 3 wt% C and 3.75 wt% AlN.

schedules tried does not have significant influence on the cracking of

SiC.

As can be seen in figure 6.9, the c/a ratio of the LPS sample is

higher then the sample with no liquid phase, but again the di↵erences

are limited. Although LPS SiC has higher toughness, this is due to

a careful balance between elongated grains, residual stress and grain

boundary toughness and this particular LPS SiC sample does not have

an elongated grain structure.

Analysing the cracking from indentation gives some idea about the

fracture mode and possible toughening mechanisms. The fracture
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Figure 6.9.: Graph comparing c/a ratios of samples containing liquid
phase or not.

mode in all the samples tested was intergranular. Crack bridging and

deflection are possible toughening mechanisms as can be seen in figure

6.10. These mechanisms were present in almost all the samples tested.

However, the sample that did not contain any carbon showed very

di↵erent cracking patterns. The crack lengths measured were short.

However, this is not an indication of high toughness. The indent shown

in figure 6.4 shows that in this sample, the material inside the indent

gets crushed and densified and therefore there is no build-up of stress

and no cracking. The reason for this behaviour is the coarse porosity.

The pore size is bigger which leads to crumbling of the sample rather

than cracking. The image of the sample in figure 6.4(b) shows what
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(a) 0.75 wt% AlN-SPS (b) 2 wt% AlN-SPS

(c) 3.75 wt% AlN-SPS (d) 3.75 wt% AlN-HP60

(e) 3.75 wt% AlN-HP-Dwells (f) Yttria doped-1900 �C

Figure 6.10.: Cracks in various samples starting from the corners of
indents. All cracks go around the grains.

an indent should look like for the cracking to be used as a measure of

toughness. Hence the c/a ratio from the sample with no carbon was

not regarded as meaningful.

It can be observed from the c/a ratios that none of these samples

have very high toughness even though they all exhibit various toughen-

ing mechanisms including the intergranular cracking, crack deflection
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and grain bridging. However, due to the fine grain size, the contribu-

tions of crack bridging and deflection is limited.

6.3. E↵ect of indentation cracking on

hardness of SiC

It was noticed (figure 6.11) that increasing the load lead to a reduction

in hardness and that higher loads increase the length of the cracks

relative to the indent size. The shape of the graphs shows an almost

constant hardness at very low loads in the nano-indentation region

followed by a drop in hardness and perhaps more constant hardness at

the higher loads.

It is argued that the hardness is a system property that depends

on various other properties of the material and the indenter as men-

tioned earlier. The size of the indent depends on various factors. As

mentioned earlier in the previous chapter, at small loads, the area of

the indent depends on the plastic deformation of the sample. As the

load is increased, the cracks start to appear near the corners of the

indents. It is argued that these cracks lead to an increase in the size

of the indents at large loads. The fact that the sharp drop in hardness

in ceramics coincides with the start of the cracking supports this idea

further.

Hardness is the ratio of applied load over the area of the indent.
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Figure 6.11.: Measured hardness of various samples plotted against
load. For sintering schedule, please see table 3.3. All
samples contained SiC. All samples except 0C-3.75-HPD
contained 3 wt%C whereas C was replaced by yttria in
3Y-3.75-SPS sample.

H =
F

A
(6.4)

where H is hardness, F is the load applied and A is the area of the

indent.

If it is assumed that the cracking leads to an increase in the area

of the indent then, A from equation 6.4 can be split into two parts.

Ao which is the area of the indent when there is no cracking and �A

which is the increase in this area due cracking of the indent. Then the

equation 6.4 can be written as follows:
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H =
F

Ao + �A
(6.5)

The increase in area due to the cracking is illustrated in the schematic

in figure 6.12

(a) No cracking (b) Cracking

Figure 6.12.: Schematic showing e↵ect of cracking on the size of in-
dent(a) No cracking on the indent corners (b) Cracking
on the corners of indents.

It can be expected that �A is directly proportional to the applied

load, F, and inversely proportional to the modulus of the material. It

will also be a function of the crack lengths and the size of the indent,

i.e. c/a ratio, which can be written as equation 6.6.

�A =  · f
✓
c

a

◆
· F
E

(6.6)

where  is a constant.

Any crack which is smaller then the size of the indent will not lead

to an increase in the size of an indent hence it will not have an e↵ect

on hardness. In other words, �A will be zero when the crack length
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c, is smaller or equal to the size of the indent a, i.e. when c/a is equal

to 1. A function that satisfies this criteria is the natural logarithmic

function so therefore equation 6.6 can be rewritten as follows:

�A =  · ln
✓
c

a

◆
· F
E

(6.7)

The hardness with no cracking, Ho can then be defined as given in

equation 6.8.

Ho =
F

Ao

(6.8)

From equation 6.8, the Area, Ao can be deduced as given in equation

6.9.

Ao =
F

Ho

(6.9)

If, Ao is replaced by the expression in 6.9 and �A is replaced by the

expression in equation 6.7 in equation 6.5 then the hardness is given

as

H =
F

F
H

o

+  · ln
⇣
c
a

⌘
· F
E

(6.10)

Equation 6.10 can also be written as follows:

H =
Ho

1 +  · ln
⇣
c
a

⌘
· H

o

E

(6.11)

Equation 6.11 suggests that the change in the hardness depends on
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the c/a ratio alone and therefore does not appear to predict a load

dependence for the hardness. However, the c/a ratio can be expressed

in terms of the applied load. Dimensional analysis by Anstis et al.[77]

shows that the applied load, fracture toughness, K1C , and crack length

must be related through:

K1C = �

s
E

H

F

c3/2
(6.12)

Whereas the size of a Vickers indent is related to the applied load

by

H =
F

2a2
(6.13)

If equation 6.12 is solved for c and equation 6.13 is solved for a then

the following expression is obtained for c/a

c

a
=

"

�48 ·H · E2

K4
1C

# 1
6

· F 1
6 (6.14)

which shows that c/a will increase with load. If the c/a ratio in equa-

tion 6.14 is set to be 1, then the load applied will be the critical load

above which the indent size will be a↵ected by cracking. This critical

load Fc, can be expressed as follows:

Fc =

"

�48 ·Ho · E2

K4
1C

#�1

(6.15)

So that
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c

a
=
✓
F

Fc

◆ 1
6

(6.16)

Substituting the c/a expression from equation 6.16 into equation

6.11, the hardness expression becomes as given in equation 6.17. How-

ever, for short cracks, i.e. at the lowest loads where cracking occurs,

the constant of proportionality � may be di↵erent consistent with the

observation that indentation toughness values are only reliable in lim-

ited load regions. Therefore in practice, Fc might need to remain a

fitting variable.

When

F  Fc then H = Ho F � Fc then H is given in equation 6.17

H =
Ho

1 +  
6 · ln

⇣
F
F
c

⌘
· H

o

E

(6.17)

From this expression, the hardness without the e↵ect of cracking

at any load can be found if the critical load Fc and Ho are known.

The critical load can be found from the c/a ratios using equation 6.16.

Since all the samples had very similar hardness, fracture toughness

and modulus, the data from all these samples was combined and anal-

ysed together. These samples included ↵-SiC with 0.75 wt.%AlN +

3 wt.%C, 2 wt.%AlN + 3 wt.%C, and 3.75 wt.%AlN + 3 wt.%C and

yttria doped sample all SPS sintered as well as ↵-SiC + 3.75 wt.%AlN

+ 3 wt.%C Hot Pressed for 1 hour and Hot Pressed with intermediate

dwells. The plot is given in figure 6.13.

The critical load is where both the lines on the graph intersect each
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Figure 6.13.: Graph of Log of crack length and diagonal length of in-
dent against the log of applied load for three di↵erent
loads to measure the critical load Fcrit.

other. This was found to be 44 mN.

The critical load can also be found from the Young’s modulus, frac-

ture toughness and hardness, H0 using equation 6.15. The average of

the Young’s modulii for all the SiC samples when measured using nano-

indentation method was used which was found to be 422 ± 62 GPa.

H0 was taken as 34.7 and fracture toughenss was calculated from in-

dentation using Anstis’s equation and the average fracture toughness

was found to be 3.84 ± 0.9 MPa m1/2.  was calculated by fitting

the data using equation 6.12 and was found to be 5.3. The resulting

critical load was found to be 67 mN.

The average of both critical loads was then used to fit the model
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onto the hardness data for SiC which is given in figure 6.14. A power

law fit is also given for comparison.

Figure 6.14.: Diagram showing the hardness data from SiC samples.
The curve represents the model propsed in this study.
The dotted line is the power law fit which is given for
comparison.

Figure 6.14 reveals that the hardness drops with the load according

to the expected power of the force, i.e. hardness does scale with c/a

hence cracking is a viable explanation. It suggest that it is this cracking

that is the cause of the drop in hardness rather then any other part of

the microstructure. Although the microstructure does play a role in

the indentation cracking. However, all these samples showed similar

behaviour. This suggests that the amount of AlN in the samples did

not have any impact on the hardness of SiC. The critical load found
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in this model is low. Cracks were not observed at such low loads.

This is because perhaps due to the assumption that the crack lengths

can be extrapolated back to small loads. Starting a crack is more

energy consuming then propagating a crack. This is why no cracks

were observed in the indents made using 200 mN load.

6.4. Comminuta ejection

The indents made in the cracking regime showed a very interesting

phenomenon. Upon unloading, the indents ejected the material from

within the indent upwards in a dramatic manner. The inside of the

indents made using 5 kg load showed the presence of individual grains

separated from each other as can be seen in figure 6.15 whereas the

area around the indent showed a lot of debris containing single grains

from the material as can be seen in figure 6.16. These grains have been

ejected from the inside of the indent after unloading and have landed

back on the surface of the sample. It is to be noted that this e↵ect is

di↵erent from ’chipping; which is the ejection of lobes of material from

the sides of the indent, which is more commonly observed. The ejection

from the centre of the indent reported here was found in indents with

and without chipping.
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(a) SEM image of an indent that
ejected comminuta

(b) SEM image of an indent that has
a large piece debris fallen into it

(c) SEM image of another indent that
ejected comminuta

(d) A close up of inside of indent (c)

Figure 6.15.: (a), (b) and (c) shows SEI of inside indents that have
ejected the comminuta after unloading whereas (d) is a
close up of inside of indent shown in (c) The sample was
SiC + 3 wt% C + 3.75 wt% AlN sintered using HP-D
schedule (see table 3.3)

6.4.1. E↵ects of indentation load on comminuta

ejection

A study of comminuta ejection with increasing indentation loads was

carried out. 10 indents were made at each load using loads of 1 Kg

(9.8 N), 3 Kg (29.4 N), 5 Kg (49 N), 10 Kg (98 N), 20 Kg (196 N) and

30 Kg (294 N). The indents were analysed in the SEM to see how many

of the indents showed ejection. The results for SPS sintered samples

of ↵-SiC with 3 wt% C and 2 wt% AlN are shown in figure 6.17. It
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(a) SEM image of an indent with debris around it

(b) SEM image of the area near the indent showing debris suspected to result
from comminuta ejection. Sample courtesy of Defence Science and Technologies
Ltd. (DSTL)

Figure 6.16.: SEI of the indented surface of a sample with composition
of SiC + 3 wt%C + 2 wt% AlN SPSed.
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is clear that a larger fraction of indents show ejection as the load is

increased. A critical load was arbitrarily defined as is the load at which

50% of indents have ejected. The critical load for this material is 23 N.

Figure 6.17.: Plot of indentation load vs % of indents with comminuta
ejection behaviour for ↵-SiC with 2 wt% AlN and 3 wt%C
SPSed sample. The critical load Fcrit is defined as load
at which 50% of total indents eject comminuta.

6.4.2. E↵ects of amount of AlN in ↵-SiC samples

on critical load for comminuta ejection

SPSed samples of ↵-SiC with 3 wt% C and three di↵erent amounts

of AlN (0.75, 2 and 3.75 wt%) were studied to determine the critical

load of comminuta ejection. Increasing the amount of AlN leads to an

increase in the critical load of comminuta ejection as can be seen in
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figure 6.18.

Figure 6.18.: Graph showing e↵ects of amount of AlN on the sample’s
critical load of ejection in the samples SPSed at 2100 �C
for 5 minutes. Increasing amount of AlN increases critical
load of ejection.

The grain sizes and hardnesses of all these compositions are similar.

As discussed in chapter 4, AlN in these materials is mostly found near

the grain boundaries. Hence AlN a↵ects the grain boundary chemistry

and perhaps the strength of the grain boundary.

6.4.3. Mechanisms of comminuta ejection

SEI and observations during indentation suggest that the comminuta

ejection can be separated into two parts. Firstly, the grains have to

debond from each other and then secondly, they will have to eject out
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of the indent.

Two processes can contribute to break-up into small grains. The

first is the surface break up during the loading of the indenter whereas

the second is the ”de-bonding” of the grains from each other due to

grain boundary cracking deep inside the bulk of the sample under the

indenter tip.

The grains that come into contact with the indenter tip need to

either ’flow/deform’ with the indenter tip or ’roll’ and move in order

to accommodate the indenter tip’s travel. This means they will have to

break free from the adjoining grains as can be seen from the schematic

given in figure 6.19. This leads to the fracturing of the grains at the

grain boundaries. This leads to the break up of the surface of the

sample and cracking. This is shown in figure 6.20.

In the next stage, the broken up surface grains get ’repacked’ as the

indenter travels further into the surface. This can be observed in figure

6.21 where the centre of the indent remains firm however, the edges of

the indent show some break up. A few chips can also be seen.

During the loading period, the cracking of the grain boundaries

slightly deeper into the surface of the sample also takes place in order

to accommodate the indenter tip. This involves grain sliding and other

cracking phenomena an illustrated in figure 6.22. The low magnifica-

tion image shows the indent location. This indent was made using a

Berkovich diamond indenter tip with 200mN load in the SPS sintered

sample of ↵-SiC with 3 wt% C and 0.75 wt% AlN.

The high magnification image of the same site shows the cracking on
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the grain boundaries as well as the grain sliding. Upon unloading, the

elastically deformed material tries to recover and large stresses build

up in the indent. After unloading, the residual stress field of material

where the residual stress is broadly parallel to the surface. This is well

known and drives the cracks parallel to the surface which gives rise

to chipping (see also the work of Lawn and Wilshaw [68]). However,

this stress field can also drive ejection from the centre. If the surface

layer can withstand these stresses then the ejection does not happen

however, if the compressive stresses are too large for this surface layer,

which also consists of broken and repacked grains, to withstand it then

the ejection takes place and the individual grains are ’thrown out’ by

these residual compressive stresses.

The same communita ejection e↵ect has been observed by Ezra

Feilden-Irving[157] in alumina when it was indented with Vickers in-

denter using 20 kg load. The images given in figure 6.23 which shows

that the communita ejection phenomenon is not specific to SiC.

6.5. Conclusions

Macro indentation of SiC samples suggests that the amount of AlN

does not have an e↵ect on the hardness. The hardness of a sample with

no carbon that had coarse grains (4 µm) was lower then the hardness

of a fine grained sample. The time spent at the sintering temperature

also had minimal e↵ect on the hardness of SiC.

There were insignificant di↵erences between all the samples apart
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from the sample with no carbon. This sample showed extensive crack-

ing inside the indent but only small cracks were detected coming out of

the corners because of a change in deformation mechanism to densifica-

tion. The sample containg liquid phase also showed similar behaviour

suggesting that the liquid phase does not lead to an increase in the

toughness. All samples showed intergranular cracking. Grain bridging

and crack deflection are possible toughening mechanisms.

The drop in hardness with increasing load can be explained by the

cracking of the indents. A model to calculate the e↵ects of cracking

on hardness has been developed. The variation of hardness with load

was consistent with it but further work is needed to verify some of the

underlying assumptions.

A new observation made was the ejection of comminuta after the

unloading of the indenter tip in Vickers indentation. It was found

that the critical load which is defined to be the load of indentation

at which 50% or more of the total indents eject comminuta, increases

with increasing amount of AlN in the SiC.

A possible mechanism proposed for this phenomenon is the breaking

up of grains through grain boundary micro cracking during the load-

ing of the indenter before re-packaging under the load. The residual

stresses push these broken grains out of the indent upon unloading of

the indenter tip. The critical load might therefore depend on the grain

boundary toughening.
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!(a) The indenter moving into the sam-
ple with tensile stresses on the grain
boundaries near the plastic zone and
on the surface

!(b) Indenter travels further with com-
pressive stresses inside the plastic
zone

!(c) Cracking and the residual stress
build-up inside the indent pushing the
material outwards.

Figure 6.19.: (a) The indenter moving into the sample with tensile
stresses on the grain boundaries near the plastic zone
and on the surface (b) Indenter travels further with com-
pressive stresses inside the plastic zone. (a) whereas (c)
Cracking and the residual stress build-up inside the in-
dent pushing the material outwards.
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Figure 6.20.: Image showing the indent made in ↵-SiC with 3 wt%C
and 2 wt%AlN SPSed sample using 49 N load. Surface
cracking can be seen.

Figure 6.21.: Image showing the indent made in ↵-SiC with 3 wt% C
and 2 wt% AlN SPSed sample using 294 N load. Al-
though it has chipped but the centre of the indent is firm
with no ejection.
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(a) BF-TEM image of area under the indent

(b) Cracking under the indent (c) Grain sliding

Figure 6.22.: (a)Low magnification TEM image under the indent made
using Berkovich indenter and 200 mN load in an SPSed
sample with composition of SiC + 3 wt% C + 0.75 wt%
AlN, (b) shows a close up of the crack in (a) whereas (c)
shows the grain sliding
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!Figure 6.23.: SEM image of an indent made in alumina showing ev-
idence of communita ejection. Image taken from Ezra
Feilden-Irving [157]
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7. Conclusions and further

work

7.1. Conclusions

Silicon carbide was sintered using carbon, yttria and AlN as sintering

additives in various amounts. Fast SPS and HP were used to densify

the SiC. It was found that carbon alone is insu�cient to sinter SiC

using HP. However, AlN as a single additive was able to densify SiC.

It was confirmed that carbon restricts the grain growth whereas in-

creasing the AlN amount from 0.75 wt% to 3.75 wt% decreased the

grain size by 1 µm from 2.5 µm to 1.5 µm. The sample with only AlN

as sintering additive had very coarse microstructure (grain diameter

of around 6 µm) suggesting that carbon is more e↵ective in limiting

the grain size. It was also observed that the time spent at high tem-

perature (above 1800 �C) was the main factor that determined the

polytype transformation from 6H to 4H. However, a sample acciden-

tally sintered with an unknown amount of carbon (less then 3 wt.%)

showed a remarkable polytype transformation along with the elongated
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grain structure suggesting that perhaps carbon can dramatically e↵ect

the polytype and microstructure.

No liquid phase was present in the SiC sample containing AlN and

carbon whereas the sample containing AlN and yttria showed the pres-

ence of liquid phase. No bulk liquid phase was observed in the sample

that only contained AlN however, the presence of a very thin liquid

film on the grain boundaries cannot be ruled out. Hence the forma-

tion of liquid during sintering of AlN doped SiC depends on the whole

system of additives rather then just AlN.

Indentation of SiC samples revealed that the hardness response of

SiC changes with load. At nano-indentation scale (load up to 400 mN)

where there is no cracking, deformation is simply controlled by the

plasticity parameters of the SiC lattice, at least near room temperature.

The Peierls stress was found to be 12± 1 GPa and the activation energy

for dislocation flow was found to be 1.1 ± 0.3 eV. These parameters

were measured using simple nano-indentation experiments and were

in reasonably good agreement with literature values obtained by high

temperature compression testing. Hardness is not a function of load in

this region nor did the grain size have an impact on the nano-hardness

of SiC. As the applied load increased, cracks started to appear from

the corners of the indents. With the onset of cracking, the hardness of

the material dropped with load.

c/a ratios were measured to get an estimate of toughness. It was

found that the grain size did not have an e↵ect on toughness. The

cracking pattern was similar for all the samples showing intergranular

218



cracking, crack bridging as well as grain pull out. However, the sample

with no carbon that had coarse grains (grain diameter of around 6 µm)

showed a very di↵erent cracking mechanism. There were very small

cracks near the corners of the indents however crushing was observed

inside the indent suggesting that perhaps this crushing was responsible

for the lack of cracking from the corners. Samples sintered using LPS

could perhaps have been expected to show some toughening behaviour

arising from the presence of liquid phase on grain boundaries as re-

ported in literature. However, the samples in this study were found

to be very brittle. However the grains were still very small and hence

crack deflection and grain pull-out can only raise the fracture energy

by a limited amount.

A new observation made is the ejection of communita from the Vick-

ers indents after unloading in AlN doped SiC. The same e↵ect was

also observed in a pressureless sintered alumina sample. The fraction

of total indents ejecting communita increased with a reduction in the

amount of AlN in SiC. It is proposed that this e↵ect depends on the

grain size and grain boundary toughness of the material.

7.2. Further work

It was shown in this thesis that AlN does not a↵ect the microstructure

greatly however, the role of carbon is yet to be determined. Some ev-

idence points towards an impact of carbon content on the grain size.

However, the contribution of sintering schedule to the polytype trans-
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formation is yet to be determined. There is a need to study the e↵ect

of carbon and the sintering schedules on the microstructure and the

subsequent e↵ect on the mechanical properties.

The AlN distribution in the SiC has been studied. However; further

HRTEM work is needed to clarify further whether liquid might play a

role in densifying this type of SiC.

It has been demonstrated that the nano-indentation can be used to

determine the parameters of plasticity near room temperature. Identi-

fication of slip planes in the TEM could further help in understanding

of these parameters. It has been concluded that the grain boundaries

are not the controlling factor in plastic deformation when the size of

indent is smaller then the grain size. However, the size at which they

become important could be found by experiments using very small

grains.

The macro-hardness testing showed that hardness depends on the

applied load. The model proposed to separate the e↵ect of cracking

on hardness needs to be developed further with some underlying as-

sumptions to be verified. A 3D finite element analysis could be used to

determine the e↵ect of crack opening on indenter penetration further.

Finally, the communita ejection behaviour observed needs to be

linked to other mechanical properties. It is expected to be a function

of grain boundary toughness, grain size, morphology and plasticity.

E↵ect of shape of indenter tip and sample surface condition could also

be important parameters.

Elongated grains are believed to improve the toughness whereas, it
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was believed that fine grained microstructure of SiC produces harder

ceramic. This study suggests that the nano-hardness at room tem-

perature is independent of the grain size. An elongated grained SiC

sample responded in the same manner as a finer equiaxed microstruc-

tured sample of SiC. This paves the way to produce hard and tough

SiC.
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A. Polytypes

Table A.1.: Table showing results of Polytypes calculations. All SPSed
samples were sintered at 2100 �C and Hot Pressed at
2050 �C unless stated otherwise.

Sample 15R 6H 4H 3C

↵-SiC powder 0 94.6 4.7 0.8
↵-SiC, 3.75wt%AlN-HP-Dwells 0 29.7 70.3 0
↵-SiC, 3wt%C, 3.75wt%AlN-SPS 1.3 94.2 4.4 0
↵-SiC, 3wt%C, 2.5wt%AlN-SPS 0 85.9 14.1 0
↵-SiC, 3wt%C, 2wt%AlN-SPS 0 81.7 18.3 0
↵-SiC, 3wt%C, 1.5wt%AlN-SPS 0 73.7 24.4 1.9
↵-SiC, 3wt%C, 0.75wt%AlN-SPS 0 80 20 0
↵-SiC, 3wt%C, 3.75wt%AlN-HP-Dwells 0 72.2 27.68 0
↵-SiC, 3wt%C, 2.5wt%AlN-HP-Dwells 0 38.3 67.7 0
↵-SiC, 3wt%C, 0.75wt%AlN-HP-Dwells 0 89.8 10.2 0
↵-SiC, 3wt%C, 3.75wt%AlN-HP-60 0 83.9 16.1 0
↵-SiC, 3wt%C, 2.5wt%AlN-HP-60 0 82.6 17.4 0
↵-SiC, 3wt%C, 0.75wt%AlN-HP-60 0 86.6 13.4 0
↵-SiC, 3wt%C, 3.75wt%AlN-HP-30 0 77.8 22.2 0
↵-SiC, 3wt%C, 2.5wt%AlN-HP-30 0 86.1 13.9 0
↵-SiC, 3wt%C, 0.75wt%AlN-HP-30 0 87.4 12.6 0
↵-SiC, 3wt%C, 3.75wt%AlN-HP-1850 �C 0 94.7 5.3 0
↵-SiC, 3wt%C, 3.75wt%AlN-HP-1700 �C 0 95.5 4.5 0
↵-SiC, 3wt%Y, 3.75wt%AlN-SPS 3.1 87.9 9 0

246



B. Densities Table

Table B.1.: Densities of sintered samples measured using Archemedes
method. The values are relative to the theoretical densities
of the compositions.

Sample Relative Density

↵-SiC, 3.75wt%AlN-HP-Dwells 96.8 ± 0.07
↵-SiC, 3wt%C-HP-Dwells 65.6 ± 0.006
↵-SiC, 3wt%C, 3.75wt%AlN-SPS 99.1 ± 0.01
↵-SiC, 3wt%C, 2.5wt%AlN-SPS 98.6 ± 0.02
↵-SiC, 3wt%C, 2wt%AlN-SPS 97.4 ± 0.03
↵-SiC, 3wt%C, 1.5wt%AlN-SPS 97.2 ± 0.03
↵-SiC, 3wt%C, 0.75wt%AlN-SPS 98.6 ± 0.02
↵-SiC, 3wt%C, 3.75wt%AlN-HP-Dwells 97.4 ± 0.01
↵-SiC, 3wt%C, 2.5wt%AlN-HP-Dwells 98 ± 0.03
↵-SiC, 3wt%C, 0.75wt%AlN-HP-Dwells 88.3 ± 0.02
↵-SiC, 3wt%C, 3.75wt%AlN-HP60 97.9 ± 0.03
↵-SiC, 3wt%C, 2.5wt%AlN-HP60 97.3 ± 0.03
↵-SiC, 3wt%C, 0.75wt%AlN-HP60 94.9 ± 0.06
↵-SiC, 3wt%C, 3.75wt%AlN-HP30 97.1 ± 0.02
↵-SiC, 3wt%C, 2.5wt%AlN-HP30 97.2 ± 0.05
↵-SiC, 3wt%C, 0.75wt%AlN-HP30 96 ± 0.02
↵-SiC, 3wt%C, 3.75wt%AlN-HP-1700 58.4 ± 0.02
↵-SiC, 3wt%C, 3.75wt%AlN-HP-1850 75.2 ± 0.03
↵-SiC, 3wt%Y, 3.75wt%AlN-SPS 99.2 ± 0.06
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C. Hardness

Table C.1.: Table showing Hardness of all the samples. The hardness
was measured using 1 Kg load on Vickers indenter con-
verted into projected area (Berkovich).

Sample Hardness (GPa)

↵-SiC, 3.75wt%AlN-HP-Dwells 19.78 ± 1.52
↵-SiC, 3wt%C-HP-Dwells 2.04 ± 0.22
↵-SiC, 3wt%C, 3.75wt%AlN-SPS 29.17 ± 2.45
↵-SiC, 3wt%C, 2.5wt%AlN-SPS 28.3 ± 1.28
↵-SiC, 3wt%C, 2wt%AlN-SPS 25.85 ± 1.76
↵-SiC, 3wt%C, 1.5wt%AlN-SPS 26.91 ± 1.11
↵-SiC, 3wt%C, 0.75wt%AlN-SPS 27.7 ± 4.43
↵-SiC, 3wt%C, 3.75wt%AlN-HP-Dwells 24.52 ± 1.52
↵-SiC, 3wt%C, 2.5wt%AlN-HP-Dwells 24.73 ± 1.36
↵-SiC, 3wt%C, 0.75wt%AlN-HP-Dwells 21.24 ± 1.44
↵-SiC, 3wt%C, 3.75wt%AlN-HP60 29.71 ± 2.21
↵-SiC, 3wt%C, 2.5wt%AlN-HP60 22.82 ± 1.71
↵-SiC, 3wt%C, 0.75wt%AlN-HP60 26.94 ± 0.88
↵-SiC, 3wt%C, 3.75wt%AlN-HP30 31.5 ± 4.72
↵-SiC, 3wt%C, 2.5wt%AlN-HP30 24.3 ± 1.4
↵-SiC, 3wt%C, 0.75wt%AlN-HP30 27.06 ± 1.35
↵-SiC, 3wt%C, 3.75wt%AlN-HP-1700 1 ± 0.9
↵-SiC, 3wt%C, 3.75wt%AlN-HP-1850 8.4 ± 3.6
↵-SiC, 3wt%Y, 3.75wt%AlN-SPS 24.11 ± 1.21
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