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Abstract

The aims of this doctoral thesis were to assess the feasibility of using
flash sintering to manufacture silicon carbide and to understand how the
technique affects its density, microstructure and mechanical properties.
An experimental apparatus was developed that allowed silicon carbide
bar shaped specimens with boron and carbon sintering aids to be flash
sintered to 96% density (with an average grain size of 4 µm) in 16 minutes
in an alumina tube furnace at 1500 °C. Compared with samples of similar
density that were conventionally sintered using the powder’s recommended
sintering schedule, the production time of the flash sintered samples was
reduced by more than 6 hours and with a furnace temperature lower by
700 °C. Both methods sintered silicon carbide it in the liquid phase. Of
the investigated flash sintering parameters, higher power limits, higher
furnace temperatures, slower power ramp rates, and longer hold times
were all found to increase the bulk density and the average grain size of
specimens. The addition of carbon sources in the furnace tube during
sintering was beneficial for sample densification, but could be detrimental
if in close proximity to the sample. The additions also retarded grain
growth in specimens and increased the time that samples could be flash
sintered before fracturing from 16 minutes to 1.5 hours.
The Vickers hardness of most of the silicon carbide samples in this work
was ∼24 GPa. The inclusion of carbon additions in the furnace tube
during sintering significantly increased the Vickers hardness of silicon car-
bide: 27.8 GPa ± 0.4 GPa. This increase in hardness was independent
of density, grain size and polytype concentration but is suggested to be
related to a carbon concentration threshold in the sintering atmosphere.
Atom probe tomography analysis indicated that the super-hard silicon
carbide samples had a greater concentration of boron rich clusters than
silicon carbide of regular hardness. These clusters are suggested to cause
dispersion hardening in these samples. Flash sintering did not degrade
the strength or the fracture toughness of silicon carbide. If flash sintered
silicon carbide was successfully scaled up, the material may outperform
traditional silicon carbide armour plates in ballistic trials.
The flash event in a non-oxide ceramic was shown to be phenomenologi-
cally similar to that found in oxide ceramics: characterised by a rapid rise
in sample temperature followed by densification and a decrease in sam-
ple resistivity. This behaviour was shown to be consistent with thermal
runaway; the origin of which was found to be the early stages of sintering.
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Chapter 1

Introduction

Sintering of ceramics is an ancient technology, with evidence of its use dating back

approximately 28,000 years1. The resultant ceramics have evolved from their primitive

clay-based materials to high-specification engineering products with uses in a broad

range of industries. Mining2, nuclear energy3, aerospace4, energy storage5, defence6

and semiconductor industries7 all make use of the unique properties of ceramics to

find solutions to complex engineering problems that would be impossible with other

materials. This diverse need of ceramics in industry has driven much of the research

into improving their properties, reliability, and economic value.

To keep pace with this need, ceramic manufacturing technologies have changed

drastically since their ancient conception. The introduction of pressure while sintering

or the breakthrough in Electric Current Assisted Sintering (ECAS)8 in the 1960s

created materials with novel properties and functionalities9. However, the use of

pressure in these techniques results in a drop in product throughput compared with

the industrial scale10 of pressureless sintering; there is an unmet need that combines

the rapid heating rates of the ECAS technology with the lower cost of pressureless

techniques.
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The title “Flash Sintering” was first coined by Cologna et al. in 201011 and given

to a technique that had the potential to fulfil this industrial need. Since it was first

demonstrated by Cologna to densify 3YSZ in seconds (c.f. hours with conventional

sintering), the technique has shown that it can successfully densify a wide range of

ceramics12–18. Commercialisation of the technique is now underway at Lucideon, UK,

who are investing in the technology with the aim of reducing the high production costs

and time associated with ceramic materials for use in healthcare and energy storage

applications19. While these are typically oxide ceramics, the benefits are likely to be

even greater for non-oxide ceramics, which, due to their covalent nature, require even

higher temperatures and longer hold times to fully densify. Despite this, there is little

research regarding the fundamental understanding of how the technology affects the

properties of non-oxide ceramics. As such a material, SiC has a wide range of applica-

tions and there is an industrial interest in making its manufacture more economical.

The aims of this thesis were to assess the feasibility of using flash sintering to man-

ufacture SiC and to understand how the technique affects its density, microstructure

and mechanical properties.

Chapter 2 of this thesis introduces the important material properties of SiC and pro-

vides a critical appraisal of how the conventional, pressureless sintering technique,

and various SiC sintering aids, affect the microstructure of SiC. It then introduces

flash sintering and reviews the literature regarding the theories that describe the fun-

damental mechanisms that govern the phenomenon.
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Chapter 3 explains the sample preparation; the flash sintering apparatus; the use of

C insulation and C additions in the furnace tube; the flash sintering methodology;

sample temperature estimation; the conventional sintering schedule; specimenc char-

acterisation; microstructural analysis and the mechanical characterisation.

Chapter 4 is the first of the results and discussion chapters and details how each

of the tested flash sintering parameters affected the densification of SiC and its mi-

crostructure. Electrical parameters include the electric field strength; electrical power

dissipated in the specimen; power ramp rate and hold time at the maximum power

limit. Investigations into the effect of furnace temperature and sintering atmosphere

on sample microstructure and densification are also discussed.

Chapter 5 details the electrical response of SiC during flash sintering. The aim of this

chapter was to explore what initiates the flash event in a non-oxide ceramic and test

whether the most established theory that describes the flash event in oxide ceramics

also characterises the phenomenon in a non-oxide ceramic.

Chapter 6 present the results of the mechanical characterisation of flash sintered SiC.

The Vickers hardness, the 3-point flexural strength and the SEVNB toughness are

discussed and compared with those of conventionally sintered SiC. The chapter con-

cludes with a discussion of the applicability of flash sintered SiC to armour materials.

Chapter 7 provides a summary of the key findings of the investigations presented
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throughout the thesis. Chapter 8 closes with a discussion of the potential future work

that aims to build on the findings of this thesis and the challenges that might face

the commercialisation of flash sintered SiC.
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Chapter 2

Literature Review

2.1 Introduction

2.1.1 Raw powder production

First synthesised in 1884 by E. G. Acheson by heating a mixture of clay and graphite,

raw SiC powder to this date is still produced predominantly through the Acheson

process20. The technique has changed little since then: an Acheson furnace (electrical

resistance furnace) is filled with a mixture of silica sand and a C source, such as

graphite, and heated until the centre of the mixture reaches 3000 °C. Ingots of α-

SiC are formed at the centre of the mixture, while at its cooler extremities, β-SiC

is formed from the reduction of SiO2 by graphite. These ingots are then processed

into raw materials for abrasives, refractories, and powders for sintered materials by

crushing, acid treatment, rinsing, drying, magnetic cleaning and sieving21. In 1929,

The U.S. Patent Office named Acheson’s patent as one of the 22 most influential of

the industrial era22.

Following production using the Acheson process and the ensuing powder pro-
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cessing methods necessary to achieve fine powders, SiC powders typically contain

impurities. Free-Si, free-C, O, and Fe contents are typically high, with trace amounts

of Ti, Al, Ni and V23. These impurity contents may be incorporated into the SiC

during sintering and affect final material properties.

2.1.2 Crystal structure and polymorphism

SiC crystals are structured in layers of SiC4 tetrahedra, with each vertex shared with

that of the adjacent tetrahedra24. Polymorphism arises in SiC as these Si-C bilayers

stack in various combinations to form different crystal structures. Schematics of the

crystal structures of the four most common SiC polymorphs, 2H, 3C (cubic), 4H and

6H are shown in Fig. 2.1. The 3C SiC, cubic structure is referred to as β-SiC, while

all other polytypes are known as α-SiC, which can take hexagonal or rhombohedral

forms.

Knippenberg26 and Inomata27 first investigated the thermal stability of various

SiC polymorphs and an illustration of their results is shown in Fig. 2.2. Longer lat-

tice constants result in high temperature stability; the 3C cubic phases is considered

a meta-stable, low temperature phase21. The introduction of metallic elements affects

thermal stability of the polymorphs, and elements such as N, Al and B readily form

solid solutions with SiC28, although their solubility is low. Jepps and Page observed

that electron donor impurity atoms appear to stabilise the cubic SiC phase, while ac-

ceptor impurities stabilise hexagonal structures29. Al and B are known to stabilise the
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Figure 2.1: Common SiC polytypes25

4H and 2H polytypes21, respectively, while N was shown by Kondo et al. to stabilise

the 3C polytype30. Both Kieffer et al.Kieffer1969PHASESi-C-N and Jepps and Page31

show that a N sintering atmosphere promotes the reverse phase transition from alpha

to beta SiC.

2.2 Sintering of silicon carbide

2.2.1 Conventional sintering without pressure

2.2.1.1 Solid state sintering

As a diffusion-controlled process and driven by the removal of pore surface energy,

sintering converts an inorganic, powder powder compact (green body) into a dense

polycrystalline solid32. Traditionally, the process is subdivided into 3 stages: i) neck
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Figure 2.2: Thermal stability of SiC polytypes26.

formation (where particle surfaces start to join); ii) intermediate sintering (material

diffuses to fill up continuous open pore channels) and iii) final sintering stage (where

the continuous channels pinch off to form individual, closed pores).

As described by Chiang et al., during sintering, matter can be transported to the

“neck” (where the dotted arrows point to in Fig. 2.3) between two particles by six

distinct processes: surface diffusion; lattice diffusion or vapour transport from the

surface of the particle; grain boundary or lattice diffusion from the interface between

the particles and finally, if dislocations are present in the material, these can also

provide diffusion gradients to allow lattice diffusion to the neck32. A schematic of the

processes is shown in Fig. 2.3.

If material is removed from the grain boundary/interface, the centres of the parti-

cles move closer together and an overall shrinkage in green body dimensions/ densifi-

cation occurs. Mechanisms that draw matter from the surface of the particles and not

the grain boundaries cause coarsening, where the centres of the particles do not move
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Figure 2.3: Diffusion routes during solid state sintering, where a is the particle radius
and x the radius of the disc of contact between the two particles (Original illustration
by Ashby33,34).

towards one another, and the material does not densify. In this instance, material

diffusing from the surface shapes the pore into a spheroid while maintaining constant

volume, which reduces curvature and hence the sintering driving force.

Each diffusional process is governed by its own activation energy and hence solid-

state diffusion coefficients (D = D0exp((−Q)/RT ), where D is the diffusional coef-

ficient, D0, the pre-exponential coefficient, Q, the process activation energy, R the

molar gas constant and T , the system temperature). Typically, Qs < Qgb < Ql,

where Qs, Qgb, Ql represent surface, grain boundary and lattice activation energies,

respectively. This indicates that surface and evaporation processes dominate at low

temperatures, while grain boundary and lattice diffusion mechanisms are only acti-

vated at higher temperatures. This led to the principle behind fast firing techniques:

that rapid heating of the ceramic powder avoids the low temperature coarsening
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regimes in favour of high temperature densification mechanisms.

If a secondary liquid phase is present during sintering and sufficiently wets the

primary phase (and the primary phase is partially soluble in the second), matter is

transferred rapidly from the grain boundary to the stress free interfaces (necks) in

Fig. 2.332 by diffusion through the liquid film on the boundary. This is known as

liquid phase sintering. The process initiates with particle rearrangement, which can

also cause rapid shrinkage. Additionally, the low melting temperature of the sintering

aids lowers the sintering temperature of the material.

2.2.1.2 Sintering of SiC with B,C sintering additives

Conventionally, B,C sintering additives have been thought to sinter SiC in the solid

state. The first to successfully sinter SiC without pressure was Prochazka in 197535.

He hypothesised that free C added to SiC as a sintering aid removes the innate

surface silica of SiC which increases the surface energy of the particles, while the B

decreases the interfacial energy of the grain boundary. This decreases the ratio of

grain boundary to surface tension, which satisfies the equation γgb/γsf <
√
3 (Young-

Duprè equation36 at a triple point) and sintering becomes possible.

Greskovich and Rosolowki37 and, separately, Hase and Suzuki38,39, dispute the ex-

istence of a thermodynamic barrier to sintering of SiC without pressure. Greskovich

and Rosolowsk postulate that if powders are pulverised into smaller grains, sintering

can occur. They measured dihedral angles of >100° at triple grain grain boundaries

in SiC treated at 1900 °C and concluded that could be no thermodynamic barrier

to sintering. From shrinkage rate measurements and specific surface area measure-
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ments they also conclude that B,C additives promote grain boundary diffusion while

inhibiting surface diffusion.

Microstructures of SiC densified with B,C additives are highly dependent on tem-

perature. Following the suggested sintering schedule by the powder manufacturer

(2200 °C for 1 h), Magnani et al. created BC-SiC with a highly bimodal microstruc-

ture with very large, needle like grains (>100 µm)40. By using a two-step sintering

profile which reduced the temperature to 2100 °C, then 2050 °C for 7 h, they sig-

nificantly reduced the average grain size and homogenised the microstructure, while

maintaining a high degree of densification (∼97%).

Some authors dispute that B,C sintering aids sinter SiC in the solid state. Akin to

Greskovich and Rosolowsk, and Hase and Suzuki (above), Stobierski and Gubernat

also disagree with the concept of a thermodynamic barrier to sintering SiC with B,C

additions. Instead, they argue that the B,C additives form a liquid state during the

sintering of SiC. By inserting BC-SiC samples rapidly into a dilatometer at 2150 °C,

they show that as the amount of B in the sample is increased, clear microstructural

evidence of a liquid phase appears41. They also show that the shrinkage rate in-

creases with B content. A threshold is defined, 0.5wt.% B (and 3.3wt.% C), above

which an excess of liquid phase is formed, and hence elongated SiC grains, a bimodal

microstructure, and large B inclusions. Below this this limit, solid state sintering

occurs, which results in slow densification rates and fine grains.

High Resolution Transmission Electron Microscopy (HRTEM) analysis by Li et al.

shows an amorphous layer 6 nm wide at the grain boundary of pressurlessly sintered

BC-SiC42. Although they could not determine if the phase was predominantly B or
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C, the sintering additive concentration (0.4wt.% B and 0.4wt.% C) was chosen to be

the same as the solubility limit of B in SiC (0.4wt.%), and hence they suggest that the

phase was mostly C. Using HRTEM and High Angle Annular Dark-Field (HAADF)

analysis on grain boundaries in BC-SiC (0.5wt.% B, 1wt.% C), Kaneko et al. show

that B is only present at some of the SiC grain boundaries, and most of it is found in

nano-sized B inclusions in the SiC grains, near the grain boundaries43. Similar findings

are presented by Zhang et al. who use Transmission Electron Microscopy (TEM) and

EDX to show that SiC sintered with ABC additions can form nanoscale inclusions

that are rich in secondary phases throughout the SiC grains44. They show a slight

depletion of the inclusions near grain boundaries, compared with the bulk of the grain.

These investigations suggest that the solubility limit of B in SiC is around 0.4wt.%,

and in which case, gives further evidence to suggest that the empirically determined

liquid phase threshold defined by Stobierski and Gubernat (0.5wt.% B at 3.3wt.% C)

does correlate to the amount of liquid B at the grain boundary during sintering of

SiC. The presence of a liquid phase at sintering temperatures is indicated from the

pseudo-binary phase and ternary phase diagrams of B4C-SiC45,46 and additionally,

the sintering temperature of BC-SiC (approximately 2150 °C) is above the melting

temperature of B (2077 °C). The presence of a liquid phase with a melting temperature

around that required to sinter SiC with B,C additives might also explain why Magnani

produced SiC with excessive grain growth at 2200 °C but then with small, equiaxed

grains when sintered at slightly cooler temperatures (2100 °C and 2050 °C)40.

Given the above, it is suggested that, in contradiction to the original theory set

out by Prochaska47, the addition of B and C sinters SiC in the liquid phase. The
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extent to which full densification occurs entirely through liquid phase sintering or the

subsequent, slower solid-state sintering is determined by the additive content. The

B,C liquid phase allows the initial stages of sintering to occur. However, if the B

content is low (below its solubility limit in SiC), the phase is entirely incorporated

into the SiC grains as grain growth occurs, as inclusions or in solid solution, which

leaves no excess liquid B at the grain boundaries and hence solid-state sintering ensues

after the initial stages of sintering. It was noted by Gubernat and Stobierski that C

alone did not densify SiC48. If the amount of B is greater than its solubility limit

in SiC, then a liquid phase will remain at grain boundaries and hence liquid phase

sintering will continue. It was observed by Zhang et al. that although these secondary

phase inclusions can precipitate and become larger during annealing, this effect only

became apparent after 700 h of annealing at 2050 °C44.

Stobierski and Gubernat also argue that the role of C goes beyond removing the

SiO2 layer on SiC. They suggest that C plays an active role in sintering, as varying the

C content of a green body affects the size and shape of the pores and the SiC grains

during sintering48. They attribute this to C arresting ineffective transport mechanisms

at low temperatures and during sintering. They also suggest that C could solidify

the liquid phases during sintering, which could be expected from the tertiary phase

diagram of B4C-SiC46. Additionally, C chemically bonds with volatile Si at sintering

temperatures, which improves stability of SiC and reduces the likelihood of thermal

decomposition (discussed further in Chapter 4).
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2.2.1.3 Liquid phase sintering of SiC with oxide additives

Liquid phase sintering of SiC with Al2O3 as a sintering aid was first achieved by Lange

in 1975 using a hot press49. Most investigations of liquid phase sintered SiC focus on

oxide sintering aids; Noviyanto and Yoon show that out of the various oxide sintering

aids added to β-SiC during hot pressing at 1750 °C, only Al2O3, MgO and Y2O3

are effective at densification while remaining unreactive with SiC50. However, due

to their low melting temperatures, oxide sintering aids reduce the high temperature

utility of SiC ceramics.

2.2.2 Addition of pressure during sintering

Typically, for powder systems that are difficult to sinter, pressure can be applied

to the powder compact while heating through HP51, Hot Isostatic Pressing (HIP)52

or Spark Plasma Sintering (SPS)9,53 techniques. While HP and HIP techniques rely

on more traditional heating of the powder compacts, in SPS technology, current is

directly passed through the die that contains the powder compact. This allows faster

heating rates to be achieved over the HP and HIP techniques. The use of pressure

also allows SiC to be manufactured without any sintering additives54; an attractive

property in the semiconductor manufacturing industry where the degree of purity and

densification takes precedence over economy21. However, for many industries this is

not the case, and inherent use of pressure results in a slow throughput, an inability

to produce large, complicated shapes21 and large overhead costs.

Given the inherent difficultly of sintering SiC without pressure or sintering aids,
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two distinct sintering grades of SiC powders can be defined: pressureless and pressure

assisted powders. Pressueless grade SiC powders have sintering additives dispersed

throughout the powder, like B and C. The addition of pressure during sintering re-

linquishes the need for sintering aids, as the additional pressure increases the driving

force of sintering. While pressureless grade SiC can sintered using pressure, this would

nullify the key benefit of not using sintering aids during densification, especially in

applications where a secondary grain boundary phase is detrimental to that material’s

industrial uses.

2.3 Properties of silicon carbide

2.3.1 Electrical properties

2.3.1.1 Nearly free electron theory and band structure

Band structure in materials is understood via the nearly free electron theory and

the solutions of the time-independent Schrodinger Equation55. In a given periodic

energy potential over a volume of space, such as a crystal lattice, these solutions are

known as Bloch functions. These periodic functions collapse to yield solutions with

positive and negative Fourier coefficients – i.e. discontinuities in energy at Brillouin

Zone Boundaries (the boundaries of the primitive cell in reciprocal space56). These

discontinuities successively segment the continuous energy curve into allowed and

forbidden (for pure, undoped materials) energy states that a free charge carrier can
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and cannot occupy, respectively.

These segments of allowed energy states are known as energy bands. Allowed

energy bands below the Fermi energy level, EF (energy level of highest occupied state

are known as valence bands, EV . States above EF are known as conduction bands,

EC . The forbidden region between the valence and conduction bands is known as the

energy band gap (EG = EC - EV ). Should an energy band be partially occupied,

i.e. the Fermi energy level is within an allowed band structure, the material is known

as a conductor. If the valence bands are totally full and the EF lies within a large

band gap then the material will intrinsically be insulating. However, should the Fermi

level sit in a sufficiently small (0.5 - 2.5 eV) band gap, the material will conduct if

an electron in the valence band is given sufficient energy to “jump” to the conduction

band. This is known as a semiconducting material.

These materials can either have direct or indirect band gaps. Direct band gaps

are defined to have the lowest point in EC correspond to the highest point in EV with

the same reciprocal k-vector, i.e. electrons in EV need only to overcome the energy

of the band gap to cross to EC
55. For indirect band gap materials these two points

in the conduction and valence bands are not coherent in k-space and hence require

additional energy (momentum) in order to cross EG (hence why Si requires 3.6 eV to

create an electron-hole pair despite having EG = 1.12 eV at 300 K)55.

If an electric field is applied over the semiconductor, the charge carriers will mi-

grate through the material towards the oppositely charged electrode. This accumula-

tion of charge causes the valance and conduction bands to bend57. The energy band

gap remains constant as the bands are bent.
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2.3.1.2 Role of impurities in the electrical conduction of SiC

Trace impurities in a semiconductor can often dominate the electrical properties of

the material. To control this electrical behaviour, net impurity concentrations can

be added to a semiconductor in a process called doping1. As a group IV material,

SiC can be doped with group III (Al, B) or V (N, P) elements which introduce

either “acceptor” holes or “donor” electrons into the lattice, respectively. These alter

the material’s majority and minority charge carrier concentrations and hence it’s

conductivity. Schematically, these dopants are represented in the band structure as

additional states in the normally forbidden zone or energy band gap. “Acceptor”

holes sites appear near the valence band, while “donor” electron sites are closer to

the conduction band. Materials doped with donor impurities are labelled as n-type

semiconductors and their majority charge carriers are electrons, while materials doped

with impurities that form acceptor sites, and are known as p-type semiconductors

whose majority charge carriers are holes.

2.3.1.3 Thermoelectric effects in silicon carbide

The Peltier effect arises when an applied DC electric field forces current through

the junction of two materials with different Fermi energy levels58. This manifests as

heating or cooling at the junction of the two materials. The direction of the current

and the Peltier coefficient of the junction (material dependent) determines whether

heating or cooling occurs. The Peltier coefficient is defined as:
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ΠAB =
q̇

I
(2.1)

i.e. which represent the proportionality between the thermal and electrical current

densities in the respective electric conductor where ΠAB is the Peltier coefficient of

a junction between materials A and B, q̇ is the rate of heating, and I is the current.

Material A is defined as the material that the current leaves before entering mate-

rial B. The coefficient is defined as positive when the electrical current causes heating

when passing from material A to B58. In practice, the Peltier coefficient is difficult to

determine experimentally58. Instead, another thermoelectric coefficient, the Seebeck

coefficient, which describes the electromotive force induced in a heated junction of

two dissimilar materials, can be used to calculate the Peltier coefficient. This is more

easily determined experimentally and can be related to the Peltier coefficient by:

ΠAB = αAB = (αA − αB)T (2.2)

where αA and αB are the Seebeck coefficients of the two individual materials

and T is the temperature of the junction58. Seebeck coefficients are temperature

dependent59,60.

2.3.1.4 Electrical resistivity of SiC

A review of liquid phase sintered SiC by Kim et al. discusses how the electrical

resistivity of SiC can be modified to span over 14 orders of magnitude by introducing

acceptor or donor impurities into the SiC lattice61. Kim suggests that N acts as a
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donor impurity by introducing n-type sites in the energy band gap which increase the

conductivity of sintered SiC heating elements. They also show that doping the SiC

lattice with Al or B introduces holes, or acceptor sites in the band gap, which reduce

conductivity by three orders of magnitude by trapping negative charge carriers. This

acceptor-donor compensation was also observed by Taki et al. who observed a drop

in conductivity of N-doped SiC by doping it with B62.

The temperature dependent resistivity of SiC heating elements was investigated

by Gnesin et al.63 They showed that sintered SiC has a Negative Temperature Coeffi-

cient (NTC) of resistivity when heated from room temperature to ∼1000 °C and then

is largely independent of temperature thereafter. They postulate that this low tem-

perature behaviour is caused by the promotion of electrons from the valence bands to

the conduction bands. Once most of the electrons are promoted, there is little change

in the charge carrier concentration and hence a temperature independent resistivity.

This temperature independent region of resistivity was also observed by Racette64.

2.3.2 Thermal properties

Typically, SiC has a high thermal conductivity. Slack65 estimates that the thermal

conductivity of single crystal SiC at room temperature is 490 W m−1 K−1. However,

polycrystalline SiC materials have lower thermal conductivities, owing to their ran-

dom grain orientation, lattice imperfections, pores and grain boundary phases66–68.

SiC sintered without pressure and with 1wt.% B and 3wt.% C has been shown69–71 to

have a thermal conductivity in the range of 110 – 140 W m−1 K−1. Li et al. increased
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the thermal conductivity of BC-SiC to 180 W m−1 K−1 by using novel B-C sources

(boric acid and D-fructose)42. They suggest this reduced the amount of B defects in

the SiC grains, which are detrimental to thermal conductivity.

Munro et al. show that the specific heat capacity of SiC increases with temperature

(650 – 1400 J W kg1 K1 from room temperature to 2200 °C) due to an increase in

internal (rotational and vibrational) energy, but it is not dependent on the sintering

aid used71. Thermal decomposition of SiC has been shown to occur at temperatures

about 2500 °C72 and Stobierski and Gubernat expect thermal decomposition of SiC

to occur above 2000 °C41. Dolloff72 reported that, at ambient pressures, SiC melts

incongruently with Si melting and a C solid remaining in the microstructure.

2.3.3 Mechanical properties

2.3.3.1 Vickers hardness

Depending on indentation technique and the microstrucuture of SiC, the Vickers

hardness of SiC can have a wide range of values. Fine and coarse grained SiC armour

materials were investigated by Wade et al.73. Both materials had hardness values

that were within experimental error of the other (approximately 23 and 22 GPa with

a 4 kg load, respectively). Similar results were found by Magnani et al., which show

that increasing the sintering time of SiC with B,C additives produces highly bimodal

microstructures with very large elongated grains, compared with the same powder

but sintered in a two-step process which produced a microstructure with much finer

grains40. They found that this makes little difference to the Vickers hardness of the
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material for the hardness of the materials was within experimental uncertainty of the

other. This contrasts with behaviour expected from the Hall-Petch equation74, which

suggests that lowering the average grain size will impede dislocation movement and

hence increase the hardness of the material (to a point, before grain boundary sliding

dominates and smaller grain sizes are detrimental to hardness). The difficulty of

moving dislocations through a covalently bonded ceramic is more likely to contribute

to the hardness of the material than the effect of dislocation pileup at its grain

boundaries.

The effect of B4C concentration on the hardness of SiC has been investigated

previously and higher than average hardness values were reported45,75–77. Each in-

vestigation produced B4C-SiC through different processing routes (Chemical Vapour

Deposition (CVD)), pressureless sintering and HP) and a common processing vari-

able/heating schedule could not be identified between each of the tests. Shaffer et al.

showed that a B4C-SiC material cannot reach the hardness of B4C45. The increase

in hardness of the B4C-SiC is suggested by Kieffer et al. to be caused by dispersion

hardening by sub-microscopic separation of B in the SiC grains75. The investigations

above indicate that the hardness of SiC may be more dependent on the secondary

phase within the SiC grains than necessarily on grain size or shape.

2.3.3.2 Fracture toughness

Fracture toughness values of BC-SiC that could be expected from the literature are

shown in Table 2.1. To investigate the fracture mechanism of SiC, Kim et al. doped

α-SiC with β-SiC (and B,C sintering additives), to produce SiC with fine and coarse
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microstructures78. Their results show that while the fracture mode in both samples

is predominantly transgranular, the fracture surface of the former may have sections

of intergranular fracture.

However, this does not appreciably alter the fracture toughness of either sample,

which remains within experimental uncertainty of the other. They attribute this to

the strong interfacial bonding of SiC grains produced using B,C sintering additives.

Similar findings are shown by Magnani et al. who use long hold times and two step

sintering profiles to create BC-SiC with fine and coarse microstructures which shows

no discernible difference between the toughness of either sample40. Considering this

discussion, the variation from 2.5 – 3.2 MPa m−1/2 of the values in Table 2.1, in

which all the materials had mainly transgranular fracture, is likely a consequence of

the testing technique.

In separate work, Malik et al. show that it is possible to increase the fracture

toughness of SiC by doping it with BN to decrease the strength of the interfacial

bonding between grains82. The high interfacial residual strains caused by the thermal

expansion mismatch between SiC and BN phases results in interfacial debonding.

This dissipates strain energy, causes crack deflection and creates interlocking sec-

tions of crack and hence increases the fracture toughness of the material. Similar

Authors Test Fracture toughness [MPa m−1/2]

Rao et al.78 SEVNB (3-pt) 3.2 ± 0.2
Wang et al.79 SEVNB (3-pt) 2.7

Gogotsi et al.80 SEVNB (4-pt) 2.61 ± 0.14
Kaur et al.81 SEPB 2.5 ± 0.2

Table 2.1: Fracture toughness values of BC-SiC from the literature.
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Authors Test Flexural strength [MPa]

Hurst et al.85 4-pt 320 - 467
Munro et al.71 4-pt 359
Chen et al.86 3-pt 312
Wu et al.87 3-pt 349 - 431

Magnani et al.40 4-pt 556

Table 2.2: Flexural strength values of BC-SiC from the literature.

weakening of interfacial bonding between grains can be achieved by introducing a

weak grain boundary phase, such as that created from the addition of Al to BC-SiC.

Cao et al. report a hot pressed SiC material with a very high fracture toughness of

9.1 MPa m−1/2, as the weak liquid interfacial phase causes crack deflection between

SiC grains and crack bridging83.

2.3.3.3 Flexural strength

BC-SiC has a range of flexural strength values, despite the same testing method

being used by different authors (Table 2.2) to establish its value. Investigating the

effect of fine and coarse grained microstructure on flexural strength of α-SiC doped

with B,C sintering additives with varying contents of β-SiC, Malik et al. show that

flexural strength inversely correlates with grain aspect ratio84. They suggest that

this is caused by the superior sinterability of α-SiC and the smaller flaw sizes that

are attributable to this. The sample with the highest flexural strength in Table 2.2

was created using a two-step sintering profile which produced a microstructure with

fine grains. This may justify Malik’s conclusion further.
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2.3.4 Ceramic armour

The properties of ceramic materials give them utility in ballistic armour applications.

The ceramic is used as the strike face in light weight, bi-layer armour systems, with

the ceramic bonded to a strong and tough backing material. A schematic of the sys-

tem is shown in Fig. 2.4 and illustrates how it might defeat an incoming projectile88.

Compared with conventional, metallic armour materials, ceramics typically have a

higher hardness and better ballistic mass efficiency: a smaller mass of ceramic is re-

quired to defeat a high kinetic energy threat than would be necessary of a metallic

armour89. These lightweight ceramic armour systems are used as hard plate inserts

in personal armour, appliqué armour for light vehicles and in ultra-light weight ap-

plications, such as armour systems in helicopters90. The better ballistic efficiency

of ceramic armours over that of metallic compositions results in greater battlefield

mobility, but the cost of the ceramic materials can be prohibitive.

The time in which the projectile is in contact with the armour surface and minimal

armour deformation occurs is known as dwell88. During this time, the area of the

projectile that is in contact with the ceramic surface erodes, and material from this

area flows radially outwards. The magnitude of the erosion and deformation of both

materials is increased by the lateral confinement of material around the point of

impact by the surrounding, undamaged ceramic. Eventually, enough ceramic material

is removed and the stress wave that is reflected from the backing plate causes the

ceramic armour to fracture and form a cone of material underneath the point of

contact. This spreads the load of the impact over a wider area and reduces the stress
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Figure 2.4: Patent illustration of design and proposed operation of ceramic - plastic
armour system88.

applied to the ceramic. With the kinetic energy of the projectile significantly reduced,

the ductile backing material is able to deform and absorb the last of the projectile’s

kinetic energy. While this is the theory behind projectile defeat, it does not hold for

every ballistic interaction.

Due to the dynamic nature of a ballistic impact and the simultaneous occurrence
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of multiple mechanisms that lead to failure of the ceramic armour during the process,

understanding which microstructural features of the ceramic correlate with ballistic

performance is challenging. The hardness of a material has been acknowledged as an

important aspect91,92, but ceramic plasticity91,93, and fragmentation behaviour94 have

also been indicated as influential parameters. Hallam et al. indicate that Knoop hard-

ness might correlate with V50 ballistic performance against armour piercing rounds

(V50 is the velocity at which 50% of the projectiles will penetrate a target) and

suggest that the variability in indentation behaviour correlates with that of ballistic

performance6. However, they acknowledge the widely accepted result95–97 that there

is not a single material property that is the determining factor that might predict the

ballistic performance of a ceramic material.

As summarised by Dresch et al.: a hard material is required to erode and fracture

the incoming projectile; high fracture toughness and strength values give the armour

multi-hit capability; the elastic modulus is related to the stress wave propagation

which spreads the area of damage; and the fracture mode is associated with the

amount of energy absorbed during the impact98. Trade-offs between these material

properties result in no “silver bullet” with regard to ballistic performance: Boldin et

al. recommend B4C or SiC ballistic plates for moderate protection and minimum

weight, but Al2O3 armour if multi-hit capacity is required90. If V50 performance is to

be used as a benchmark to compare ballistic performance, Hallam et al. showed that

out of leading armour grade ceramics such as B4C and SiC-AlN-C, SiC + 5wt% B4C

was the highest performing armour material6. However, there are other influencing

factors which might affect the result of V50 trials (such as backing plate choice), and
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it is difficult to determine the optimal ceramic strike face for all scenarios.

2.4 Flash Sintering

2.4.1 Background and principles of the phenomenon

2.4.1.1 Background and description

Flash sintering is a novel ceramic manufacturing technique. Under investigation since

it was reported in 201011, it has since shown its ability to densify a wide range of

ceramics12–18. The process involves heating a powder compact (green body) in a

furnace whilst passing an electric current through it. The electric field that draws the

current through the sample is applied over the specimen using contacting electrodes,

typically attached to the ends of the specimen. Depending on the conductivity of the

material that is to be sintered, electric field strengths can vary from 10 – 1000 V cm−1.

The preheating temperature is lower than conventional sintering temperatures. This

preheating reduces sample resistivity which allows more current to flow. In turn, this

heats the sample through Joule heating and causes a further drop in the resistivity

of the specimen. This NTC behaviour is a characteristic of most ceramic materials.

Under constant voltage, this runaway process continues until the current increases

very rapidly up to a pre-set current limit, where it is held for a period of time. This

runaway phenomenon is the hallmark electrical trait of the technique and is termed

the “flash event”16. The critical combination of furnace temperature and electric field

strength at which this occurs is dependent on the resistivity of the material being
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sintered. This was the original heating schedule used by Cologna11, but there are

now many other electrical loading schedules used in flash sintering. In all of them,

densification through sintering occurs during the process, often in a few seconds for

most oxide ceramics11,99. While this hallmark electrical behaviour has been shown

over the full range of materials tested, controversy remains as to the fundamental

mechanisms that govern this behaviour and the subsequent rapid densification of the

specimen.

2.4.2 Mechanisms of flash sintering

2.4.2.1 Thermal runaway

A thermal runaway model based on an inverse Arrhenius dependence of sample resis-

tivity on temperature was developed by Todd et al.100 (a similar publication regard-

ing thermal runaway in ZnO by Luo et al. closely followed101). They describe the

flash event as a process that involves an exponential rise of the rate of Joule heating

which eventually dominates the sample’s radiative losses which initially act to pre-

vent the thermal runaway process. The model accounts for current and temperature

localisation by attributing such characteristics to insufficient thermal conductivity in

homogenising the temperature profile across the cross section of the sample. Fur-

ther to this, their model accurately accounts for the incubation time before the flash

event; predicts the critical furnace temperature at which the “flash event” occurs; and

the quantitative evolution of the electric field, current and resistivity throughout the

flash sintering of 3YSZ. A more detailed numerical analysis is given by Hewitt et al.,
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but the same conclusion is reached: that the electrical and thermal characteristics of

3YSZ during flash sintering can be attributed to simple thermal runaway102.

Jha et al. assert that linearization of parameters present in the aforementioned

numerical analysis is likely to render inaccurate results, “given the non-linear increase

in conductivity observed in flash sintering”. They attribute this non-linearity to a

generation of charged defects within the material103. However, a model derived from

non-linear differential equations developed by da Silva et al. predicts flash sintering

characteristics of 3YSZ and provides evidence to counter this. Their model shows that

the critical condition for the flash phenomenon is less to do with sintering kinetics

(defect related) than with the temperature dependant resistivity of the sample104.

2.4.2.2 Defect induced densification

Raj suggests that there must be at least one other active mechanism in flash sin-

tering, as Joule heating alone could not account for the observed densification rates.

He attributes the sudden increase in sample conductivity to avalanches of Frenkel

pair defects induced by the electric field105. These defect pairs are created when an

atom moves to an adjacent interstitial site in the lattice; the vacancy and this inter-

stitial are known as a Frenkel pair106. Raj argues that a critical combination of field

and temperature leads to the nucleation of regions within the sample of high defect

concentrations which increases conductivity and diffusivity within the sample, initi-

ating the flash event. These defect populations aid chemical diffusion and are claimed

to be responsible for the electroluminescence and non-equilibrium phase transitions

proposed in the isothermal hold period of flash sintering.

29



Chapter 2. Literature Review

Grasso et al. highlight several factors that must be accounted for to enable the

Frenkel pair theory to become viable: i) the theory only applies to materials that

would allow the creation of Frenkel pairs, but flash sintering has been demonstrated

in multiple electronic conductors107–109 (in which defects such as Frenkel pairs are not

usually present); ii) ionisation of the interstitials would require far larger fields than

those commonly used in flash sintering experiments; iii) the Poole-Frenkel mecha-

nism110 lacks an incubation period also found in flash experiments111. Bechteler et

al. have also shown that the “electroluminescence” during flash sintering is actually

thermal radiation112. All of the above make it unlikely that flash sintering is initiated

by an avalanche of crystal defects.

2.4.2.3 Similarities with dielectric breakdown

Biesuz et al. highlight the similarities between the flash event and dielectric break-

down in alumina113. Dielectric breakdown typically requires much larger field strengths

than those encountered in flash sintering. However, Biesuz et al. suggest that the

correct combination of furnace temperature and sample thickness, porosity and purity

levels can decrease the dielectric breakdown strength of alumina to those found in

flash sintering experiments. They show114 that a flash event can be initiated in alu-

mina using an electric field strength of 500 V cm−1, despite the dielectric breakdown

of polycrystalline alumina115 requiring electric field strengths in the range of 1500 –

4500 V cm−1.

While there are similarities between the electrical characteristics of flash sintering

and dielectric breakdown, there also discrepancies. Flash sintering occurs over the
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order of tens of seconds, whereas dielectric breakdown is far more sudden (∼ms).

At relatively low electric field strengths, the flash event is preluded by a gradual

increase in conductivity - behaviour that would not be expected of a material that

had dielectrically broken down. It should be noted as well, that dielectric breakdown

typically causes irreversible damage and eliminates any insulating property of that

material115. This is not the case for ceramics samples that have been flash sintered116.

2.4.3 Flash sintering of non-oxides

Although the bulk of flash sintering investigations to date have focused on oxide

ceramics, the same cost-effective attributes of the technique make it attractive for

production of non-oxide ceramics as well, especially as they typically require higher

temperatures than their oxide counterparts to fully densify.

Pressureless flash sintering of SiC with oxide sintering aids (Yttria Alumina Gar-

net) was first attempted by Zapata-Solvas using a modified hot press16 (no additional

pressure aside the weight of the graphite ram was applied to the sample). While

the results are promising, the highest bulk density reached to date is 88% and liquid

phase sintering aids compromise the high temperature properties of the SiC that is

produced. Candelario et al. attempted to flash sinter a similar material117. While

they showed that flash sintering benefits from finer powders, a greater additive con-

tent and better dispersion of additive due to colloidal processing, their final material

was highly porous.

To increase sample density, Grasso et al. introduced pressure through Flash Spark
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Plasma Sintering (FSPS), described in section 2.2.2) and were able to densify SiC with

B,C sintering aids to high densities107. However, the use of pressure required presin-

tered greenbodies and would result in large overhead costs if commercialised. FSPS

has been used to sinter ZrB2
109 and high density WC has been achieved with only

modest pressure and using a non-conducting die as thermal insulation17,108. While

these materials have resistivities that have an intrinsic Positive Temperature Coeffi-

cient (PTC), the resistivity of ceramic greenbodies generally exhibit NTC behaviour,

which allows flash sintering to initiate in these materials. Flash sintering of B4C has

been attempted. However, densities above that of the green body were not achieved;

sintering only occurred in localised hot spots118.

2.4.4 Flash sintering apparatus and temperature estimation

2.4.4.1 Flash sintering apparatus

In essence, flash sintering apparatus consists of a furnace and a power supply. In

a typical flash sintering experiment, the powder compact is placed in a furnace and

attached to electrodes, which are connected to a power supply, outside of the furnace.

The furnace can be sealed to allow an inert sintering atmosphere. Software is usually

required to record electrical data from the power supply; from which the electrical

properties of the sample during flash sintering can be estimated.

Numerous furnace designs have been developed: vertical tubular14,119, horizon-

tal tubular120, quadrupole lamp121,122, modified HP16 or FSPS machines107,109,123–126,

vertical tubular split127, induction heating128, box furnace100,129, or alternatives based
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on flame heating130, arc torch131 and recently, the use of an arc plasma as a sample

pre-treatment immediately before flash sintering132.

Of these apparatuses, a modified SPS (FSPS) has been used to fabricate high

density SiC107,124. The technique places graphite felt around the sample which allows

pre-heating until a temperature is reached such that current flows through the sample

once it is sufficiently conductive. Samples require pre-sintering to withstand the use

of pressure in this technique. Prior to this, Zapata Solvas et al. used a conceptually

similar precursor to the FSPS machine to flash sinter SiC without pressure16. Their

modified hot press machine heats the sample via a graphite susceptor, which is heated

via an induction coil. The vertically aligned graphite punch above the sample is

connected to the power supply and the HP frame is earthed. Only the weight of the

graphite punch is exerted on the sample. Neither the FSPS or the HP methods allows

visualisation of the sample while flash sintering.

One of the inherent flaws of the flash sintering technique is the inhomogeneous mi-

crostructures it creates within samples. This is caused by thermal gradients between

the hot centre of the sample where the electrical power is dissipated by the current,

and the cooler furnace surrounding the sample. Biesuz et al. show that the use of ther-

mal insulation during flash sintering can increase the density of 8YSZ specimens133.

They surrounded the samples in alumina felt, wool and coarse zirconia powder and

found that reducing the heat loss from the surface of the sample increases its density

by 4-10% and increases the average grain size at its surface, compared to when no

insulation is used. Li et al. managed current localisation by appropriate electrode

placement, which forced the current to the edges of the sample134. Clever thermal
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management will be key if the flash sintering technique is to be commercialised.

2.4.4.2 Errors in temperature estimation

Small sample sizes, high electric field strengths and high sample temperatures make

obtaining accurate temperature measurements during flash sintering challenging. Ac-

counts of the main methods are briefly described below.

• Thermocouples: due to the current small size of flash sintering samples, 0.5 -

1.5 mm diameter thermocouples may give slow response times in measurements

and may act as a heat sink, affecting the sample temperature. Thermocouples

operate due to the thermoelectric effect, i.e. that a temperature difference gives

rise to a potential difference which can be calibrated to give a temperature

reading. As a result, the thermocouple must be electrically insulated – usu-

ally through use of thermally insulating oxides – which might be expected to

yield inaccurate results during the transitory stage in flash sintering (the power

spike)111.

• Pyrometry: using either single or dual wavelength measurement pyrometers (the

latter being insensitive to surface emissivity) it is possible to detect the surface

temperature of samples during flash sintering. However, the small sample sizes

of flash sintered specimens make this technique prone to error, as additional light

from the furnace may be captured by the pyrometer and affect the temperature

estimation.

• Impedance: as a means of in situ thermometry, impedance spectroscopy informs
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the user of bulk sample temperature, assuming no change in sample shape or

conduction mechanism, by translating electrical resistance data (real part) at an

appropriately high frequency into a calibrated temperature reading. It has been

shown to detect high temperature runaway in 8YSZ (≥1500°C)135. However,

the assumption that there is no change in sample geometry does not lend itself

well to flash sintering, in which shrinkage is a fundamental mechanism that

drives densification and hence may introduce error in the estimation of sam-

ple temperature. Additionally, the passage of DC current through the sample

fundamentally changes the electrical properties, invalidating any calibration.

• Blackbody model: As first proposed by Raj et al., the sample temperature dur-

ing flash sintering can be calculated using the blackbody radiation model136.

The ease of this method as a means of estimating temperature, and that it pro-

vides no worse estimations of temperature than those methods described above,

are likely some of the reasons for its wide spread use in flash sintering100,116,136.

Its drawbacks however include, the errors associated with green body emissiv-

ity values and that it assumes a uniform temperature distribution across the

sample’s surface, which modelling has shown not to be the case during flash

sintering116.

2.5 Summary and research aims

SiC is an important structural ceramic with many uses in industry, but the energy

consumed by the current processing methods is significant and can make produc-
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tion prohibitively expensive. This chapter has discussed how SiC can be sintered

conventionally without pressure and using B,C liquid phase sintering aids, and that

the hardness of SiC may not be entirely dependent on the average grain size of the

material.

Flash sintering is a novel manufacturing technique that can densify ceramic mate-

rials in seconds, without the need for applied pressure during sintering. This reduces

the cost and energy exhausted during manufacturing significantly. This literature re-

view has shown that while the fundamental mechanisms that initiate the phenomenon

are disputed, consensus is building around the process sharing similar electrical and

thermal characteristics to thermal runaway. It also shows that while the novel tech-

nique has successfully densified a wide range of ceramics, the bulk of the research has

focused on oxide materials. There is a large, unmet need to better understand how

the novel manufacturing technique affects the properties of a non-oxide ceramic and

improve the density attained in pressureless flash sintering of these materials.

The aims of this thesis were to assess the feasibility of using flash sintering to

manufacture a non-oxide material, SiC, and to understand how the technique affects

its microstructure; how the material behaves during flash sintering; to optimise that

processing route to achieve high density SiC; and then compare the mechanical prop-

erties of flash sintered SiC against those of the conventionally sintered material. Bar

shaped specimens will first be attempted, but the challenge of scaling up the process

will also be investigated. These aims are performed under the umbrella investigation

into whether flash sintering could be used to manufacture SiC for armour applications

in the Defence sector.

36



Chapter 3

Materials and Methods

A list of all flash sintering parameters that were tested is given in Table. A.2

3.1 Sample preparation

All samples were made from H.C. Starck Starceram SQ pre-mix, consisting of UF-

15 α-SiC (d50 ∼0.75 µm), sintering additives (2.5–3.5 wt% C, 0.5 wt% B). A list of

powder properties are given in Table. A.1. The powder was uniaxially pressed into

bars or discs and cold isostatically pressed at 200 MPa. The green bodies had relative

densities of ∼60%. Typical dimensions of the volume of the green body bars between

the flash sintering electrodes were: 22 mm × 6 mm × 2 mm (lxbxh). The height

was increased to 3 mm and 4 mm to investigate the effect of sample thickness. Disc

shaped sample dimensions were: 11 mm dia. and 4 mm height.
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Figure 3.1: Flash sintering rig schematic from a) side elevation and b) end view per-
spectives, c) the flash sintering rig mounted inside a horizontal alumina tube furnace.
Carbon discs and foil additions were added to understand their effect on microstruc-
ture but did not form part of the standard apparatus

3.2 Flash sintering apparatus

3.2.1 Tube furnace apparatus

Samples were preheated in a modified alumina tube furnace with a windowed end.

Holes were drilled at both ends of the sample, which were then threaded onto tung-

sten wires mounted on a removable flash sintering rig (Fig. 3.1b). PELCO© High

Temperature Carbon Paste was applied at the ends of the sample and the areas of

the sample directly around the electrodes to reduce contact resistance. The whole rig

was then sealed in the tube furnace. The current carrying wires protruded through

one of the furnace end seals and were connected to the Direct Current (DC) power

supply (EA PS9750-60A-3W, EA Elektro-Automatik, Viersen, Germany). Data were

recorded via a LabView script.
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3.2.2 Carbon additions in the furnace tube

To investigate the effect of a carbon rich atmosphere on sample properties, a stack

of three carbon discs was placed below the sample and/or, a cylinder of carbon foil

could be placed in the furnace near the gas inlet valve. The positions of these carbon

additions are shown in Fig. 3.1. Heating rates followed the 400 W and 550 W power

schedules (section 3.3).

Figure 3.2: Various thermal insulations a) Mirror 2 set up, with carbon discs only, b)
carbon foil (insulation), and c) carbon felt. All specimens were produced using the
550 W heating schedule (section 3.3).
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3.2.3 Carbon insulation

The electrode configuration used in this work has been modelled previously and shown

to produce non-homogeneous temperature distributions throughout the volume of a

YSZ sample116. This is caused by current localization through the centre of the sam-

ple, between electrodes, and radiative heat loss from the sample’s surface. To mitigate

these heat losses, various thermal insulations were investigated (Fig. 3.2): thermal

mirrors, C felt and C foil. This will test which, if any, of the insulations most effec-

tively prevent heat loss from the sample’s surface to increase the temperature of the

sample’s edge and create a more homogeneous microstructure. If net heat flow from

the sample’s surface to the environment is reduced, bulk sample temperature may in-

crease as well. The constituents of the mirror set up were tested individually (mirror

1, 2 and 3), to assess the affect of each on sample microstructure and properties.

Three types of insulation were wrapped or placed around the specimen in sepa-

rate insulation tests: a mirror system comprising of molybdenum mirrors above and

below the sample and polished SiC supports that face the samples largest flat surface

areas (lxb face); a cylinder made of carbon foil; and a folded length of carbon felt.

Schematics of the insulations are shown in Fig. 3.2. The entire mirror set up was

supported by a stack of three discs made from either carbon or alumina. Note the

distinction between carbon foil used as insulation and that added at the gas inlet

valve (Fig. 3.1). Variations of the mirror set up are given in Table 3.1.
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Mirror 1 Mirror 2 Mirror 3

Carbon foil No foil Carbon foil
Alumina discs Carbon discs Carbon discs
Mo mirrors Mo mirrors Mo mirrors

Table 3.1: Variations of the mirror set up.

3.2.4 Modified hot press apparatus

The same modified hot press used by Zapata-Solvas et al. in the preliminary in-

vestigation into flash sintering SiC was also used in this work to flash sinter SiC

discs16. A schematic of the apparatus can be found in their publication. Furnace

heating was provided by an induction heated cylindrical graphite susceptor, with

the specimen situated in its central cavity, sandwiched between two vertical graphite

rods. The top rod was connected to a DC power supply (EA PS9750-60A-3W, EA

Elektro-Automatik, Viersen, Germany) and electrically insulated from the rest of the

apparatus by a concentric alumina tube. This forced the current through the sample

once it was sufficiently conductive. The force of the top electrode (top graphite rod)

on the sample corresponds to a compressive stress on the order of 0.1 MPa.

3.3 Flash sintering process

The furnace was heated at a rate of 300 °C h−1 in all experiments. Prior to flash

sintering, samples were subjected to an isothermal hold at 800 °C in flowing N2

(0.7 L min−1) for 1 h to carbonise the binder in the powder premix. Afterwards, the

furnace ramp continued to a designated furnace temperature. Thirty minutes before

41



Chapter 3. Materials and Methods

Figure 3.3: Electrical power schedules in isothermal tests.

the electric field was applied across the sample, the gas supply was switched from N2

to He to ensure an inert sintering atmosphere. The He gas also suppressed plasma

formation upon application of the electric field, which occurred in some conditions

when N2 or Ar was used.

The electrical schedules investigated are split into two groups: constant voltage

and stepped power experiments. The former experiment is the archetypal flash sin-

tering experiment, whereby a constant voltage is initially applied across the sample in

a furnace with gradually increasing temperature. Once the critical temperature was

reached and runaway occurred, as described in Section 6.1.1, the furnace temperature

was held constant. When the electrical power reached 400 W in these experiments,

the power was maintained at this level. For consistency, the furnace temperature at

which the power supply switched from voltage to power control was defined as the
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Figure 3.4: Electrical power ramp schedules in isothermal, stepped power tests.

critical furnace temperature.

Differing from the constant voltage experiments, the stepped power tests used a

constant furnace temperature while the power was increased in a stepwise manner to

the maximum power limit specific to that test. A schematic of the power schedules

is shown in Fig. 3.3. The maximum power limits investigated were 300 W, 350 W,

400 W, 450 W, 500 W and 550 W. Those experiments using a 300 W, 350 W and

400 W limit had an average ramp rate of 100 W min−1 and an isothermal power hold

of 5 min. Using this ramp rate and a furnace temperature of 1500 °C, samples would

fracture above a power limit of 400 W. If the electrical heating rate was reduced,

this maximum power limit could be extended to 550 W. After 400 W, the rate was

dropped to 10 W min−1 and ramped up to a maximum of 550 W for 1 min.
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Variations of the stepped power experiment were used to investigate the effects

that maximum power limit, furnace temperature, hold time and power ramp rate had

on sample properties. For all these tests, an average power ramp of 100 W min−1

was used. Maximum power limits of 460 W, 430 W and 400 W were used when

investigating furnace temperatures of 1200 °C, 1350 °C and 1500 °C, respectively, to

maintain similar sample temperatures between all tests. A hold time of 5 min at

these power limits was used for all such experiments. Additional hold times were

investigated (0.5, 5, 15 and 30 min) using a furnace temperature of 1500 °C and

maximum power limit of 400 W. Figure 3.4 shows the stepped power ramp rates

that were investigated: stepped power ramp rates that averaged 100 W min−1 and

50 W min−1, and then two tests without any power ramp (fastest heating rates). Two

hold times were investigated, 5 min and 12 min (referred to as Long Hold ramp rate

schedule (LH)). All tests were performed in a furnace at 1500 °C and the maximum

power limit reached was 400 W. The only ramp schedule with a ramp down after the

hold period was the 100 W min−1 profile, for the other schedules, the power simply

returned to zero.

The effect of sintering atmosphere was investigated using the 400 W power sched-

ule (Fig. 3.3) and switching to either Ar + 5% H2, He, RGAr or N2 after the binder

burnout stage.
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3.4 Sample temperature estimation

The blackbody radiation model was used to estimate the surface temperature of the

sample136. The SiC emissivity was taken as 0.85137. The high currents required

to raise the sample temperature to the sintering temperature of SiC meant that a

significant proportion of the electrical power was dissipated in the tungsten wires. To

account for this, the energy loss in the wires was measured at the relevant currents

and furnace temperatures and subtracted from the total power in the system to

deduce the power dissipated in the specimen. Sintering shrinkage of the specimen was

measured from video recordings. Both factors were accounted for when calculating

sample temperatures and other quantities affected by them. The resistivity of a dense

specimen was used to calculate the current required during flash sintering to maintain

a constant power per unit of surface area between samples of different thicknesses.

This method was used to maintain a similar surface temperature between samples.

3.5 Conventional sintering

Control samples, labelled “fire 1”, were conventionally sintered using the powder man-

ufacturer’s recommended sintering specifications. After the initial carbonisation de-

scribed in section 3.3, specimens were transferred to a graphite crucible and heated

in Ar with a 300 °C h−1 ramp to 2200 °C for a 2 h hold before ramping down at

the same rate. Additionally, a second conventional heating profile with a shorter hold

time and a faster ramp rate was investigated. The green body of the “fire 2” specimen
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was produced in the same manner as the fire 1 sample, but the heating rate during

sintering was increased to 960 °C h−1 and the hold time at 2200 °C was limited to

5 min.

3.6 Specimen characterisation

The sample ends were removed, and the resulting cuboids were sectioned on the plane

midway between the electrodes (Fig. 3.5a). The edges of the resultant cuboid face

are labelled and shown in Fig. 3.5b. SEM images in this work were taken at edge 1,

unless otherwise stated.

Six density measurements were made on each specimen half using the Archimedes

method, according to ASTM B962 (2017)138. All densities are relative to the Theo-

retical Density (TD) of SiC: 3.21 g cm−3 and are given as bulk densities. The relative

local density of a sample in each micrograph is different to that of the bulk specimen.

There is no quantitative measure of local densities, but a qualitative description is

given where required in the appropriate results or discussion sections.

Figure 3.5: a) SiC specimen showing the sectioning lines (dashed) and b) the cross
section of the sectioned sample with the labelled edges.

46



Chapter 3. Materials and Methods

3.6.1 Microstructural analysis

The central cross sections of samples were polished with diamond suspensions down to

1 µm and finished with colloidal silica. Murakami’s reagent (3 g potassium hydroxide,

30 g potassium ferricyanide and 60 g water) was used to chemically etch the polished

surface; etching was performed at 90 °C for 45 min.

SEM images the surface of a specimen by collecting and analysing a variety of

electron signals from an electron beam rastered over the surface of interest139,140.

The SEM images in this work were captured using A Zeiss Merlin SEM and using

the following settings: a working distance of ∼5 mm; an accelerating voltage of 5

kV; and a 5 pA current. Samples were coated with ∼4 nm of Pt to reduce surface

charging. Grain size estimations were made through the linear intercept method

(using a multiplier of 1.56), using a minimum of 300 intercepts for each estimation.

EDX in this work was performed at a working distance of 8 mm, an accelerating

voltage of 10 kV and a beam current of 200 pA.

XRD data were collected using a Rigaku Miniflex Cu Kα diffractometer operated

at 40 kV and 15 mA (0.01 °step, 6 s step−1). Analysis was performed on cross

sections of samples before they had been etched. Rietveld refinement was performed

using MAUD software141 and crystallographic phase data taken from The Cambridge

Structural Database142. To improve the Signal to Noise Ratio (SNR) of the raw XRD

data, the spectra were smoothed using the adjacent averaging function on Origin

software143, but the low SNR of the scans in this work resulted in relatively high

weighted profile R-factor values, Rwp (all were less than 25).
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The process of Rietveld refinement involves fitting a function to a set of peaks/

reflections that represent the characteristic scattering angles and intensities of a given

crystallographic lattice. The relative height and position (scattering angle) of these

peaks can be found in crystallographic databases. The resultant function is then

compared with the raw XRD scan taken of the surface of the specimen to be examined.

A least squares approach is used to minimize the difference between the data points

of the function and the scan. Low residual errors of the fit then give confidence that

the crystallographic lattice under investigation is present in the material. The key

benefit of Rietveld analysis in this work is that allows the relative amounts of different

constituent elements in the sample to be approximated.

Atom Probe Tomography (APT) was performed by Dr Jaspreet Singh. A full

description of the atom probe diagnostic settings can be found in his thesis144, but

the main operating conditions are given in Table. A.5. Bulk clustering analysis was

performed on SiC tips that were taken from the centre of grains in samples produced

using both conventional sintering schedules (fire 1 and 2) and two flash sintering

heating schedules (550 W with carbon discs and foil, section 3.2.2, and a 400 W

schedule with a ramp rate of 50 W min−1, section 3.3). The Gibbsian excess of grain

boundaries in SiC samples were calculated from APT data in accordance with the

work of Jenkins145, adapted from that of Hellman146.
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3.6.2 Mechanical characterisation

Three equally spaced Vickers hardness indentations were made near the centre of the

cross-sections using a 5 kgf load using a Future Tech Vickers Hardness Tester Model

110B, Japan. The samples were reground sufficiently to remove the first row of indents

and the damage beneath them (approximately 1.5 mm), polished and indents were

made a second time for a total of six indents per specimen. Vickers Hardness was

calculated using Eqn. 3.1147,148.

HV = 1.8644
L

d2
(3.1)

where d is the average length of the indent diagonals, and L is the load applied by

the indenter on the sample’s surface.

Bar shaped specimens that were used in the 3-point bend strength and toughness

tests were made from three sets of specimens: conventionally sintered fire 1 and 2

sets, and an optimised flash sintered set (550 W, C discs and foil, section 3.2.2). A

set of five samples was made for each strength estimation and sets of three for the

toughness tests. Specimens were cut and ground into bars approximately 1.0 mm x

1.5 mm x 15.0 mm and then polished to a 1 µm finish. Notches were made in the

specimens for the SEVNB toughness tests by first sawing a shallow guide notch in

the centre of each specimen’s length. A secondary, sharper notch was then made in

this guide notch by using a steel razor blade coated with diamond slurry that was

made progressively finer (beginning at 9 µm down to 1 µm with the blade replaced
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as the slurry became finer). Due to the small size of the samples and the brittle and

hard nature of SiC, the edges of the samples were not chamfered. Both strength and

toughness tests were performed using a 3-point bend test rig with a 12 mm span,

which was mounted in a Shimadzu AGS-X Universal Test Frame. A loading rate of

0.5 mm min−1 was used for all tests. The flexural strength of each specimen was

calculated using Eqn. 3.2149.

σ =
3Fml

2bh2
(3.2)

where Fm is the maximum force applied, l the support span, b the width of the test

piece and h, its height. The stress intensity factor for a SEVNB in 3-point bending

is given by Eqn. 3.3 (ASTM C1421-18139):

KI =
Fml

bh3/2
f(

a

h
) (3.3)

where KI is the stress intensity factor, Fm is the maximum load, l is the span of

the rig, b is the width of the specimen and h its height, and f(a/h) is a dimensionless

correction factor:

f(
a

h
) =

3( a
h
1/2)(1.99− a

h
(1− a

h
)(2.15− 3.93 a

h
+ 2.7( a

h
)2)

2(1 + 2 a
h
)(1− a

h
)3/2

(3.4)

The critical flaw size was calculated using Eqn. 3.5, assuming a semi-circular edge

crack (Eqn. 3.6) and α value of 1.12.
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KI = ϕσ
√
c (3.5)

ϕ = α
2√
π

(3.6)

where KIc is the critical stress intensity factor for a given critical flaw size c, ϕ

is a geometrical form factor, determined from the shape of the crack and alpha from

the semi-circular edge-shape of the crack, and σ, the flexural strength.

3.7 Estimation of experimental uncertainty

The standard errors associated with density, grain size, hardness, strength, and tough-

ness measurements were estimated from statistical distributions associated with the

measurements collected in this work. Those associated with sample temperature, re-

sistivity and critical field strength were estimated from the systematic and statistical

errors associated with the electrical measurements, furnace temperatures, shrinkage

from video recordings and the uncertainty in emissivity.
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Effect of flash sintering parameters on
the densification and microstructure
of silicon carbide

This chapter presents the broad, systematic analysis of how each flash sintering pa-

rameter (defined in Chapter 3) affected the density and microstructure of SiC. It then

discusses their influence in terms of the thermal effect of the electrical current, ther-

mal gradients with the sample and the impact of sintering atmosphere during flash

sintering. It also defines the optimum flash sintering schedule (in terms of density

and microstructure) that was used to create samples for mechanical and electrical

comparisons with conventionally sintered SiC (Chapters 5 and 6).
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4.1 Results

4.1.1 Effect of power limit

4.1.1.1 Densification

Figure 4.1: Final sample density against a) nominal power limit and b) maximum
sample temperature (corrected for power in wires). The furnace temperature was
1500 °C and power schedules are shown in section 3.3.

Figure 4.1 shows the effect of electrical power limit and resulting sample temperature

on sample density at various stages throughout the heating schedule. Increasing the

power limit from 300 W to 400 W increased the relative density from approximately

80% to 90%. Increasing sample temperatures beyond this power limit resulted in

higher densities still, up to a maximum of 94.4 % ± 0.3 % with specimen temperature

of 2205 °C ± 28 °C. Exceeding 550 W or holding this limit for longer than 1 min

resulted in sample fracture.
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4.1.1.2 Microstructure

Measurement 300 W 350 W 400 W 450 W 500 W 550 W

Gav(µm) [Centre] 2.0 ± 0.1 2.4 ± 0.1 3.1 ± 0.1 3.9 ± 0.2 5.3 ± 0.3 5.9 ± 0.5

Gav(µm) [Edge] 1.7 ± 0.1 1.9 ± 0.1 2.6 ± 0.1 3.3 ± 0.2 4.8 ± 0.2 5.2 ± 0.2

Gav (µm) [Edge2] 2.1 ± 0.1

Table 4.1: Effect of power limit on specimen grain sizes. (Edge 2 data only available

for the 550 W specimen.)
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Figure 4.2: SEM images of samples produced with different power schedules (section
2.3). Left column images are taken of the centres of the specimens and right column
images of the samples’ edges. A sample produced with a 300 W limit is shown in a)
and b); 350 W in c) and d); 400 W in e) and f
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Figure 4.3: A sample produced with a 450 W limit is shown in g) and h); 500 W in i)
and j); 550 W in k) and l); the bottom edge (facing the bottom of the furnace, edge
2) of the 550 W specimen in m) and an EDX map of a 550 W sample (C is indicated
in red and Si in green).
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Figs. 4.2 and 4.3 show micrographs taken of the centre and edge of specimens that

were heated to a range of maximum power limits; starting from 300 W to 550 W.

The figures show that increasing the electrical power dissipated within the sample

increased the average grain size and qualitatively decreased porosity at the centre

and at the edge of the specimen. Grain size measurements from these specimens are

given in Table 4.1. The largest grain sizes were measured from the sample produced

at the highest power (550 W, 5.9 µm ± 0.5 µm and 5.2 µm ± 0.2 µm at the centre and

edge 1, respectively); the smallest grain sizes from the sample produced at the lowest

(300 W, 2.0 µm ± 0.1 µm and 1.7 µm ± 0.1 µm at the centre and edge, respectively).

The average grain size at edge 2 of the sample that was produced with the 550 W

heating schedule was significantly smaller than the grain size at edge 1 of the sample

(5.2 µm ± 0.2 µm vs 2.1 µm ± 0.1 µm, respectively). The edges nomenclature is

defined in section 3.1. For all tests, grain sizes at the edge of the specimens were

smaller than those in the centre. Carbon rich pores and inclusions are indicated as

red points in Fig. 4.3n; Si is shown in green. The EDX map is from an area on the

polished surface of a 550 W specimen, but C rich pores and inclusions were a feature

of all specimens. Grain growth was limited in samples produced using low power tests

(300 W – 400 W) and grains are fine and equiaxed. As the power and sintering time

were increased (450 W - 550 W), the grains became larger and elongated.
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4.1.1.3 XRD Analysis

Figure 4.4: XRD scans of samples produced using the a) 400 W and b) 550 W heating
schedules (section 3.3).

From Fig. 4.4, the XRD spectra show typical SiC peaks in both samples. The Rietveld

analysis results in Table 4.2 indicate that the 6H polytype was the most prevalent

polytype in both samples, but that increasing the power limit (and therefore sample

temperature, Fig. 4.1) during flash sintering from 400 W to 550W resulted in a

significant increase in the abundance of the 4H polytype.

Sample 6H (%) 4H (%) 15R (%)

400 W 92.3 ± 1.1 1.9 ± 0.5 5.8 ± 0.8
550 W 78.4 ± 1.4 18.3 ± 0.6 3.3 ± 0.4

Table 4.2: Effect of power limit on final polytypic composition of flash sintered SiC.
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4.1.1.4 Sample fracture

Figure 4.5: a) SEM image of a SiC sample mid “fracture”, the hole indicated in the
red circle is where the vapours were ejected from, b) shows the C structure inside
the hole, c) and d) show the boundary between the hole and the surface and the
complementary EDX map, respectively; C is indicated in red, Si in green; (e) a still
from a video during fracture

If the SiC sample was heated above 2205 °C (power limits greater than 550 W), vapour

would be ejected from the volume of the sample nearest the electrodes (Fig. 4.5a and

4.5e) and if left for a long enough period, sufficient material would be ejected such
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that the sample would fracture. The hole left in a sample that was heated beyond

2205 °C (but which was cooled before the sample could fully fracture) is shown in

Fig. 4.5a. The structures of the materials that are left around the hole are shown in

Fig. 4.5b and 4.5c. The EDX map of the boundary shown in Fig. 4.5d indicates that

there was a Si deficiency in the hole, where a flaky C rich was observed.

4.1.2 Effect of ramp rate

4.1.2.1 Densification

Figure 4.6: Dependence of sample density on power ramp rate at a furnace tempera-
ture of 1500 °C, and a maximum power limit of 400 W (section 3.3).

The effect of power ramp rate schedule (section 3.3) on specimen density is shown in

Fig. 4.6. Bulk density increased with decreasing ramp rate. The sample produced

with no power ramp, i.e. the fastest heating rate, had the lowest density (86.3% ±

0.5%) and the sample produced with the slowest ramp rate had the highest density at
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91.0% ± 0.4%. The samples produced using slower ramp rate schedules spent longer

times at sintering temperatures than those with slower ramp rates. Using no ramp

but extending the hold time to 8.5 min (No ramp LH, section 3.3) increased sample

density to within experimental uncertainty of the 100 W min−1 sample, which also

had a total schedule time of 8.5 min.

4.1.2.2 Microstructure

Figure 4.7 shows SEM images taken of the centre and the edge of specimens produced

using different ramp rate schedules (section 3.3). Porosity is observed in all images

and grain sizes are fine and equiaxed. As shown in Table 4.4, grain sizes at both the

centre and the edge of specimens increased by using slower ramp rates. The smallest

grain sizes were measured from the sample produced with no ramp (fastest heating)

(2.5 µm ± 0.1 µm and 1.8 µm ± 0.1 µm at the centre and edge, respectively). If the

same heating rate is used but the hold time is extended (No ramp (LH)), grain sizes

increased in the centre and the edge of the specimen, to within experimental error of

100 W min-1 specimen. The largest grain sizes were measured from the 50 W min−1

sample (3.3 µm ± 0.2 µm and 2.2 µm ± 0.1 µm at the centre and edge, respectively).

For all tests, grain sizes at the edge of the specimens were smaller than those in the

centre.

50 W min−1 100 W min−1 No ramp No ramp (LH)

Gav(µm) [Centre] 3.3 ± 0.2 2.9 ± 0.1 2.5 ± 0.1 3.0 ± 0.1
Gav(µm) [Edge] 2.2 ± 0.1 2.0 ± 0.1 1.8 ± 0.1 2.1 ± 0.1

Table 4.3: Effect of ramp rate on average grain size at the specimen’s centre and edge.
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Figure 4.7: SEM images of samples produced using different power ramp rates (section
3.3). Left column images are taken of the centres of the specimens and right column
images of the samples’ edges. A sample produced with a ramp rate of 50 W min−1 is
shown in a) and b); a ramp rate of 100 W min−1 in c) and d); no power ramp (fastest
heating) and a hold time of 5 min in e) and f) and again without a power ramp but
with a 12 min hold in g) and h).
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4.1.3 Effect of hold time

4.1.3.1 Densification

Figure 4.8: Relative density against hold time with a furnace temperature of 1500 °C
and a power limit of 400 W (section 3.3).

Figure 4.8 shows how relative density varies with hold time. The power followed

the 400 W stepped heating schedule (section 3.3). Longer sintering times increased

the density, although the effect of longer hold times reduced as higher densities were

reached. The lowest recorded density was 84.8% ± 2.0% for a hold time of 0.5 min,

which increased to 93.4% ± 0.9% for a 30 min hold time.
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4.1.3.2 Microstructure

0.5 min 5 min 15 min 30 min

Gav(µm) [Centre] 1.5 ± 0.1 2.9 ± 0.1 3.3 ± 0.2 3.4 ± 0.2

Gav(µm) [Edge] 1.3 ± 0.1 2.0 ± 0.1 2.2 ± 0.1 2.4 ± 0.1

Table 4.4: Effect of hold time on average sample grain size.
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Figure 4.9: SEM images of samples produced with similar sample temperatures but
different hold times (section 3.3). Left column images are taken of the centres of the
specimens and right column images of the samples’ edges. A sample produced in
0.5 min is shown in a) and b); 5 min in c) and d); 15 min in e) and f); 30 min in g)
and h).

65



Chapter 4. Effect of flash sintering parameters on the densification and
microstructure of silicon carbide

Table 4.4 shows that grain sizes at both the centre and the edge of specimens increased

by using longer hold times. However, the effect of longer hold times on average grain

size diminished as higher densities were reached. For all tests, grain sizes at the edge

of the specimens were smaller than those in the centre.

Figure 4.9 shows SEM images taken of the centre and the edge of specimens pro-

duced using different hold time schedules (section 3.3). Little densification occurred

at the edge of the 0.5 min test (Fig. 4.9b). Porosity is observed in all images in Fig.

4.9. Grain sizes are fine and equiaxed for all tests bar the last, the 30 min sample,

where some elongated grains were seen in the centre of the specimen (Fig. 4.9g).

4.1.4 Effect of furnace temperature

4.1.4.1 Densification

Figure 4.10: Relative density against furnace temperature for a hold time of 5 min
and a constant specimen temperature of ∼2135 ° C (section 3.3).

66



Chapter 4. Effect of flash sintering parameters on the densification and
microstructure of silicon carbide

All samples in the furnace temperature tests (Fig. 4.10) had similar sample temper-

atures (∼2135 °C). Despite this, Fig. 4.10 indicates that sample density increased

with furnace temperature, from 85.0% ± 1.2% at a furnace temperature of 1200 °C

to 90.1% ± 1.0% at 1500 °C.
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4.1.4.2 Microstructure

Figure 4.11: SEM images of samples produced with similar sample temperatures but
different furnace temperatures. Left column images are taken of the centres of the
specimens and right column images of the samples’ edges. A sample produced in a
furnace at 1200 °C is shown in a) and b); at 1350 °C in c) and d); at 1500 °C in e)
and f).
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1200 °C 1350 °C 1500 °C

Gav(µm) [Centre] 2.0 ± 0.1 2.5 ± 0.1 3.3 ± 0.2

Gav(µm) [Edge] 1.5 ± 0.1 1.9 ± 0.1 2.2 ± 0.1

Table 4.5: Effect of furnace temperature on average specimen grain size.

The SEM images in Fig. 4.11 shows the effect of furnace temperature (section 3.3)

on specimen microstructure at the centre and the edge of the sample. Porosity is

observed in all samples, but it decreased as the furnace temperature was increased.

Grains are fine and equiaxed at both the centre and the edge of the 1200 °C and

1350 °C samples but become slightly elongated in the 1500 °C specimen.

From Table 4.5, the smallest grain sizes were measured from the sample produced

at a furnace temperature of 1200 °C and sizes increased with increasing furnace tem-

perature.

4.1.5 Effect of insulation

4.1.5.1 Types of insulation

4.1.5.1.1 Densification results

Figure 4.12 shows how different types of insulation affected bulk sample density. The

highest density achieved was 94.4% ± 0.3% when no insulation was used and the

lowest was 82.2% ± 1.2% by the sample insulated by C felt. Out of the samples

produced with insulation, the highest density was achieved by using the mirror set

up with C discs (mirror 2) at 93.5% ± 0.5%.
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Figure 4.12: The effect of insulation type on sample density. Samples were produced
using the 550 W heating schedule (section 3.3) and at a furnace temperature of 1500 C
and surrounded with different insulating materials. Mirror 2 set up consisted of mirror
sounding the sample which were mounted on C discs.

4.1.5.1.2 Microstructural results

Figure 4.14 shows the effect of different insulation on sample microstructure. Large,

elongated grains are present in all samples. All insulations increased the average grain

size in the centre of all samples above those measured from the sample produced with

no insulation. Using C felt and C foil also increased grain sizes (Table 4.6) at the edge

of the specimen. Although mirror 2 set up (with C discs) did increase the average

grain size at the centre of the sample, it decreased the sizes at the edge of the specimen,

compared to a sample produced without insulation. There was no grain size gradient

between the centre and the edge of the sample produced with C foil wrap. The largest

No insulation C foil wrap C felt wrap Mirrors (no foil)

Gav(µm) [Centre] 5.9 ± 0.5 6.0 ± 0.4 12.4 ± 1.4 6.6 ± 0.5
Gav(µm) [Edge] 5.2 ± 0.2 6.0 ± 0.5 9.8 ± 0.7 4.4 ± 0.2

Table 4.6: Effect of insulation on average specimen grain size.
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grains were measured from the centre of the C felt sample (12.4 µm ± 1.4 µm) and

the smallest from the edge of the specimen produced with mirror 2 set up, at 4.4 µm

± 0.2 µm. It should be noted that when the C foil was wrapped too tightly around

the sample, the specimen fractured. This was only observed when using C foil.

Figure 4.13: XRD spectra of SiC samples flash sintered with a) mirror 2 set up, b)
the C inlet foil wrap and c) the C felt wrap.

71



Chapter 4. Effect of flash sintering parameters on the densification and
microstructure of silicon carbide

Figure 4.14: SEM images of sample produced at 550W with different insulations
(section 3.2.2). Left column images are taken of the centre of the specimens and right
column images of the samples’ edge. No insulation is shown in a) and b); C foil is
shown in c) and d); C felt is shown in e) and f); mirror 1 (no foil) is shown in g) and
h).
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6H (%) 4H (%) 15R (%)

Mirror 2 86.5 ± 0.8 7.4 ± 0.4 6.2 ± 0.4

C foil wrap 89.8 ± 1.0 6.5 ± 0.4 3.7 ± 0.4

C felt wrap 74.0 ± 0.9 24.1 ± 1.4 1.9 ± 0.7

Table 4.7: Effect of insulation on SiC polytype composition in flash sintered samples.

The XRD spectra of SiC specimens that were flash sintered with different forms

of insulation are shown in Fig. 4.13, with the corresponding Rietveld analysis in

Table 4.7 showing polytypic concentrations of each sample. The differences in peak

heights between spectra indicate that the different types of insulation may have in-

fluenced crystal structure; the Rietveld analysis suggests that the C felt led to a

large amount of the 4H polytype in the specimen (∼25%). However, these anomalous

spikes could be an artefact that arose from a small fraction of abnormal grains in a

larger volume of finer grains150. The large area of these grains might reflect more of a

specific bragg peak than the surrounding matrix of randomly orientated fine grains,

and hence the large grains may have disproportionally contributed to the scans shown

in Fig. 4.13.
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4.1.5.2 Furnace carbon additions

4.1.5.2.1 Densification

Figure 4.15: Effect of C impurities, following the 400 W heating schedule and C
additions (Section 3.3).

Figure 4.16: Effect of C impurities, following the 550 W heating schedule and C
additions (Section 3.3).

The C additions that were added within the furnace while sintering are defined
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in section 3.2.2, and are different from C that is typically added to SiC powder

as a sintering additive, which is dispersed throughout the sample during specimen

preparation.

At low power (400W, section 3.3) the inclusion of C foil increased sample density

from 90.1% ± 0.3% (without any C) to 93.8% ± 0.3%, the highest in the 400 W

test series, as shown in Fig. 4.15. The addition of the C discs as well as the foil,

decreased sample density to 88.7% ± 0.4%, the lowest in the series of tests. Fig. 4.16

shows the density of samples sintered with different carbon sources in the furnace

and using the 550 W heating schedule. The C inlet foil increased bulk density from

94.4% ± 0.3% to 95.6% ± 0.5%, compared with a sample produced without any

furnace additions. For all other tests in this series, the addition of more C or mirrors

did not appreciably affect bulk density; the final specimen densities remained within

experimental uncertainty.

4.1.5.2.2 Microstructure

No C C inlet foil C inlet foil and discs

Gav(µm) [Centre] 2.9 ± 0.1 3.8 ± 0.2 2.9 ± 0.1

Gav(µm) [Edge] 2.0 ± 0.1 3.4 ± 0.1 2.2 ± 0.1

Table 4.8: Effect of C additions on average grain size at low power (400 W Schedule,

section 3.2.2).
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No C C inlet foil C discs C foil and discs Mirror 3 Mirror 1

Gav(µm) [Centre] 5.9 ± 0.5 4.5 ± 0.2 4.7 ± 0.2 3.9 ± 0.1 7.7 ± 0.5 5.2 ± 0.3

Gav(µm) [Edge] 5.3 ± 0.2 3.6 ± 0.2 4.1 ± 0.2 3.3 ± 0.1 7.4 ± 0.5 4.7 ± 0.2

Table 4.9: Effect of C additions and mirrors on average grain size at 550 W (section

3.2.2). Mirror 3 used C disc supports while mirror 1 used Al2O3.

76



Chapter 4. Effect of flash sintering parameters on the densification and
microstructure of silicon carbide

Figure 4.17: SEM images of samples produced at 400 W with C additions (section
3.2.2). Left column images are taken of the centres of the specimens and right column
images of the samples’ edges. No C addition is shown in a) and b); C inlet foil is
shown in c) and d); C inlet foil and C discs shown in e) and f).

As can be seen from Figs. 4.17, 4.18 and 4.19, sample microstructure is highly

dependent on the amount of C and mirror configuration in the furnace tube during

flash sintering. Average grain sizes of the low (400 W) and high (550 W) power tests

are summarised in Tables 4.15 and 4.16, respectively.
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Figure 4.18: SEM images of samples produced at 550 W with C additions (section
3.2.2). Left column images are taken of the centres of the specimens and right column
images of the samples’ edges. No C addition is shown in a) and b); C inlet foil is
shown in c) and d); C discs shown in e) and f).

At low powers, the addition of the C inlet foil increased the average grain size

and resulted in more elongated grains in the centre of the sample, compared with

the sample produced without C additions. The maximum amount of C in the tube

(C foil and discs combination), however, produced a sample with average grain sizes

comparable with the sample produced without any C additions (Table 4.8).
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Figure 4.19: SEM images of samples produced at 550 W with C additions (section
3.2.2). Left column images are taken of the centres of the specimens and right column
images of the samples’ edges. C inlet foil and C discs is shown in g) and h); Mirror
3 shown in i) and j.); Mirror 1 shown in k) and l).

Figures 4.18 and 4.19 shows the effect of C additions and mirrors on sample

microstructure for those samples produced using the 550 W heating schedule. The

addition of the C inlet foil or the C discs decreased grain sizes compared with those

of the sample produced without any additions, the combination of the foil and the

discs resulted in the smallest grain sizes of the tests (3.9 µm ± 0.1 µm and 3.3 µm

± 0.1 µm, at the centre and edge of the specimen, respectively). The addition of the
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mirror 3 set up (C discs, inlet foil and mirrors, section 3.2.2) created elongated grains

and the largest of the tests (7.7 µm ± 0.5 µm and 7.4 µm ± 0.5 µm, at the centre

and edge of the specimen, respectively) but without a grain size gradient between

the centre and edge of the sample. Replacing the C discs with those made of Al2O3

(mirror 1) reduced grain sizes at the centre and edge of the sample compared with

mirror 2 set up.

4.1.5.2.2 XRD Analysis

The XRD spectra shown in Fig. 4.20 indicate slight differences in peak intensities

between samples produced with different C additions in the furnace tube during flash

sintering. The corresponding Rietveld analysis in Table 4.10 suggests that C rich

sintering atmosphere suppressed the growth of the 4H polytype.

6H (%) 4H (%) 15R (%)

No C 78.2 ± 0.7 18.5 ± 0.6 3.3 ± 0.4

C inlet foil 86.6 ± 0.5 7.3 ± 0.4 6.3 ± 0.4

C discs and foil 92.2 ± 1.2 2.7 ± 0.4 4.0 ± 0.3

Mirror3 86.7 ± 1.0 7.5 ± 0.5 4.8 ± 0.5

Table 4.10: The effect of C additions on polytypic composition of flash sintered SiC

samples (Rietveld analysis of XRD scans in Fig. 4.20).
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Figure 4.20: XRD spectra of SiC specimens flash sintered at a power limit of 550 W
with a) no C additions, b) C inlet foil, c) C discs, d) discs and foil and e) discs, foil
and mirrors (mirror 2 set up).
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4.1.5.3 Thermal decomposition of SiC

Figure 4.21: a) SEM image of a SiC sample flash sintered for ∼1.5 h, b) structure
on the surface of the sample, c) the interface region between the phases inside and
outside the sample and d) an EDX map of the SEM image in c). C is indicated in
red and Si in green.

Figure 4.21 shows SEM images of a sample produced with C discs and inlet foil and

held at a power limit of 550 W for about 1.5 h. The outside of the sample in Fig.

4.21a), with respect to the image, is the surface of the specimen, while above it was

the central part. Due to the complex topography of the specimen, shadowing may

have caused some drop in signal to the detector, but it is clear from the EDX map in

Fig. 4.21d) and shape of the structures inside the specimen, that two distinct phases

are present. The central, porous part of the specimen was rich in C while the surfaces

closer to the outside edge of the specimen were rich in Si, and due to the shape of

the structures may have been, at one point, a liquid.
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4.1.6 Effect of sintering atmosphere

4.1.6.1 Types of gas

4.1.6.1.1 Densification

Figure 4.22: Effect of gas type on specimen density. Samples were produced using
the 400 W schedule (section 3.3)

Figure 4.22 shows the effect that the sintering atmosphere had on final sample density.

A He atmosphere resulted in the highest bulk sample density at 90.3% ± 0.3%, with

RGAr slightly lower (88.8% ± 0.5%). The N2 test had the lowest density of the tests

at 73.8% ± 1.1%.

4.1.6.1.2 Microstructure

He RGAr N2 Ar + 5% H2

Gav(µm) [Centre] 2.9 ± 0.1 2.9 ± 0.1 5.0 ± 0.2 2.4 ± 0.1

Gav(µm) [Edge] 2.0 ± 0.1 1.9 ± 0.1 4.3 ± 0.1 1.6 ± 0.1

Table 4.11: Average sample grain size dependency on sintering gas type.
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Figure 4.23 shows how sample microstructure depended on gas type used when flash

sintering; the average grain sizes of the samples are summarised in Table 4.11.

The grain sizes of the samples created in He and RGAr remain within experimental

uncertainty of each other. The largest grains were measured from the sample created

in N2 (5.0 µm ± 0.2 µm and 4.3 µm ± 0.1 µm, at the centre and edge, respectively).

The N2 atmosphere also resulted in elongated grains and large pores in the centre of

the specimen. The smallest grains of any sample were measured from the specimen

created within the reducing atmosphere of Ar +5% H2 (2.4 µm ± 0.1 µm and 1.6 µm

± 0.1 µm, at the centre and edge of the specimen, respectively).
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Figure 4.23: SEM images of sample produced at 400 W in different sintering atmo-
spheres (section 3.3). Left column images are taken of the centre of the specimens
and right column images of the samples’ edge. A He sintering atmosphere is shown
in a) and b); RGAr is shown in c) and d); N2 is shown in e) and f); Ar +5% H2 is
shown in g) and h).
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4.1.6.1.3 XRD Analysis

Figure 4.24: XRD scans of samples produced in N2, Ar +5% H2 and RGAr.
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6H (%) 4H (%) 3C (%) 15R (%)

N2 77.3 ± 0.5 4.7 ± 0.4 10.9 ± 0.8 7.1 ± 0.5

Ar +5% H2 89.7 ± 0.9 3.1 ± 0.2 - 7.2 ± 0.3

RGAr 89.5 ± 0.6 1.6 ± 0.5 - 8.9 ± 0.8

Table 4.12: The effect of sintering atmosphere on polytypic concentration in flash

sintered SiC (400 W power limit, section 3.3).

The XRD scans and the corresponding Rietveld analysis of samples flash sintered

in different sintering atmospheres are shown in Fig. 4.24 and Table 4.12, respectively.

All spectra indicate the bulk of the materials were the 6H polytype. There were slight

differences in the relative concentrations of 4H and 15R SiC polytypes in the samples

produced with RGAr and Ar +5% H2 atmospheres. The XRD scan of the sample

produced in the N2 atmosphere suggests that this sample was the only one to contain

the 3C polytype (∼10% of total polytype concentrations). XRD peaks associated

with Si3N4 were not identified in the sample produced in a N2 atmosphere. B4C was

not found in any sample.

4.1.7 Conventional sintering

4.1.7.1 Densification

Table 4.13 shows the effect that conventional sintering schedules had on final sample

density. The conventionally sintered fire 1 sample was denser than fire 2 specimen.
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Fire 1 Fire 2

Density (% T.D.) 97.1 ± 0.2 96.1 ± 0.1

Table 4.13: Effect of recommended (fire 1) and fast (fire 2) conventional sintering on

sample density. Heating schedules given in section 3.5.

4.1.7.2 Microstructure

Figure 4.25: SEM images of conventionally sintered SiC specimens (section 3.5). Left
column images are taken of the centre of the specimens and right column images of
the samples’ edge. Fire 1 is shown in a) and b); fire 2 is shown in c) and d).

Fire 1 Fire 2

Gav(µm) [Centre] 10.2 ± 1.1 9.9 ± 1.3

Gav(µm) [Edge] 4.4 ± 0.1 4.5 ± 0.1

Table 4.14: Average grain size measurements of conventionally sintered samples.
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The effect of fast and slow conventional sintering (section 3.5) on sample microstruc-

ture and average grain size are shown in Fig. 4.25 and Table 4.14, respectively. The

longer sintering times and slower ramp rate of fire 1 led to large, elongated grains

within the specimen, while the fire 2 sample had far smaller, equiaxed grains. Neither

sample exhibited a grain size gradient from centre to edge. From Fig. 4.25, the fire 2

sample had more residual, C rich pores than fire 1 (C content shown in Fig. 4.26c).

The Rietveld analysis of the XRD scans shown in Fig. 4.26a and 4.26b is given in

Table 4.15. The longer hold times of the fire 1 schedule resulted in significantly more

of the 4H polytype in this sample (17.7% ± 2.2%) than detected in the fire 2 specimen

(5.4% ± 0.7%).
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Figure 4.26: XRD spectrum of conventional a) fire 1 and b) fire 2 specimens. c) EDX
scan of the fire 2 sample. Red denotes C; Si in green.
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6H (%) 4H (%) 15R (%)

Conventional 1 72.7 ± 1.5 17.7 ± 2.2 9.6 ± 1.3

Conventional 2 87.5 ± 1.0 5.3 ± 0.7 7.2 ± 1.2

Table 4.15: Polytypic composition of conventionally prepared samples.

4.1.8 Effect of sample geometry

4.1.8.1 Bar shaped specimens: sample thickness

4.1.8.1.1 Densification

Figure 4.27: Density of samples of different thicknesses. The samples were produced
using the 400 W heating schedule and appropriate power levels to maintain similar
sample temperatures (section 3.1).

Figure 4.27 shows that increasing specimen thickness decreased final specimen

density, despite similar calculated sample temperatures between specimens (2135 °C

± 27 °C). The maximum density achieved was 90.1% ± 0.3% from the sample of
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standard thickness and the lowest from the specimen with a thickness of two times

the standard (84.3% ± 0.5%).

4.1.8.1.2 Microstructure

1x Sample thickness 1.5x Sample thickness 2x Sample thickness

Gav(µm) [Centre] 2.9 ± 0.1 2.6 ± 0.1 2.5 ± 0.1

Gav(µm) [Edge] 2.0 ± 0.1 1.6 ± 0.1 1.3 ± 0.1

Table 4.16: Average grain size measurements of samples with different thicknesses

and processed with the appropriate power schedules (section 3.4).

Increasing sample thickness resulted in a decrease in specimen density (Fig. 4.27)

and increase in porosity (Fig. 4.28) despite similar nominal surface temperatures

between each specimen. The average grain sizes of each sample are summarised in

Table 4.16 and show that the grain size at the centre and edge of each specimen also

decreased as sample thickness was increased. The largest grains were measured from

the sample of standard thickness (2.9 µm ± 0.1 µm and 2.0 µm ± 0.1 µm) and the

smallest from the sample that was twice the standard the thickness (2.5 µm ± 0.1 µm

and 1.3 µm ± 0.1 µm). The difference between the average grain size at the centre

and the edge, of the double thickness and standard thickness samples were nearly

within experimental uncertainty of one another at 1.20 µm ± 0.14 µm and 0.90 µm

± 0.14 µm, respectively. Grains remained equiaxed in all specimens.
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Figure 4.28: SEM images of flash sintered SiC specimens of different thick-
nesses(section 3.1). Left column images are taken of the centre of the specimens
and right column images of the samples’ edge. Sample of standard thickness is shown
in a) and b); of 1.5x standard thickness is shown in c) and d); of 2x standard thickness
is shown in e) and f).

4.1.9 Disc shaped specimens

Using the maximum current of the available power supply, the modified HP technique

(section 3.2.4) was used to produce a disc shaped sample that was 65.4% ± 1.0% dense.
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To achieve greater densities of disc shaped specimens, a larger power supply should be

sought. Figures 4.29 and 4.30 show low and high magnification (respectively) SEM

images of the polished sample’s centre and at four symmetrically disposed points

around the edge of the specimen. Sufficient material was removed during polishing

such that the SEM images in Figs. 4.29 and 4.30 show the bulk of the specimen (∼0.5

mm from the surface). Due to the high porosity of the sample, grains could not be

identified sufficiently accurately to be measured. As can be seen in Fig. 4.30, in all

areas of the sample there are SiC features (light grey) that are greater than 2 µm and

signs of neck formation between SiC particles. However, from the low magnification

images in Fig. 4.29, densification was not homogeneous.
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4.1.9.1 Densification and Microstructure

Figure 4.29: Low magnification (500x) SEM images of a SiC disc shaped specimen
that was flash sintered in a modified HP (section 3.2.4). The images were taken from
an aerial view of the flat area of the disc. The centre of the disc is shown in c) and
images from its edge at 4 opposite points are shown in (a,b,c,d).
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Figure 4.30: Higher magnification view of SEM images in Fig. 4.29.
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4.1.10 Shrinkage

Figure 4.31: a) Specimen shrinkage (black squares) and sample temperature (red
squares) against time during a 400 W stepped power experiment (section 3.3). b)
visual still of SiC during flash sintering.

From Fig. 4.31a, noticeable shrinkage begins at 180 s, at which point the specimen

temperature is ∼1975 °C. Most of the shrinkage occurred before the power was ramped

down, roughly 400 s after the onset of shrinkage. Figure 4.1a indicates that a peak

sample temperature of 2135 °C was reached and a maximum isotropic shrinkage of

15% was achieved. Figure 4.31b shows an image of the flash sintering SiC sample, at

approximately 400 s in Fig. 4.31a. The image shows no obvous signs of asymmetric

heating.
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4.2 Discussion

4.2.1 Thermal effects of current: similarities with conventional

sintering

4.2.1.1 Densification and microstructural comparisons

Figure 4.32: Effect of density in average grain size for all flash sintered specimens
in this work. Conventional samples are circled in red. Samples with abnormal mi-
crostructures due to effects of the sintering atmosphere that was tested are shown in
green and blue ellipsis.

Figure 4.32 shows a broad trajectory of average grain size that is typical of a poly-

crystalline material that was sintered to different densities151. It should be noted

that the stated density is the bulk density of the sample. Grain size increased with
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density, weakly at first but once high densities were reached the grain size increased

rapidly and without much further increase in density as pore elimination slowed and

grain boundary migration continued. The outliers that are highlighted in blue and

green ellipses were the result of different sintering atmospheres and are discussed in

sections 4.1.5 and 4.1.6, respectively. The conventionally sintered fire 1 and fire 2

samples are shown in the red dashed circles, marked 1 and 2, respectively.

It can also be seen in Fig. 4.32 that there is a slight clustering of data points around

95% density and 5 µm grain size, near the fire 2 ellipse. This cluster contains samples

that had C additions in the tube during sintering, and samples that had no such

additions and were only affected by heating. Even samples that were “only affected”

by heating still had C present as a sintering additive, as it is vitally important to

successfully sinter SiC without pressure. As C affects this broad sintering trajectory,

it is not surprising that different sintering conditions or slightly changing the C content

of the atmosphere could slightly alter the sintering trajectory and create this cluster

of samples seen in Fig. 4.32.

Comparisons between the microstructures of flash sintered and conventionally

sintered samples show remarkable similarities. Large and small average grain sizes

were detected in samples produced using both techniques, grains could be equiaxed

or elongated and there was no evidence that could be detected in the SEM images of

secondary phases at grain boundaries. However, APT analysis (Fig. 4.33) did show

that a phase consisting of Si, B and C was present at grain boundaries in both flash

and conventionally sintered SiC.

Additionally, throughout all tests in this work, samples with larger grain sizes
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typically had greater concentrations of the 4H polytype (tables 4.2, 4.7, 4.10, 4.12).

Higher sample temperatures during sintering have been shown by Jepps and Page29

to increase the amount of the 4H polytype in B doped SiC. All the above suggest

that the heat dissipated by the current affected sample density and microstructure in

a similar manner to conventional heating methods.

4.2.1.2 Effect of sample temperature and hold time

As for conventional sintering, higher sample temperatures and longer hold times re-

sulted in higher specimen densities (Figs. 4.1 and 4.9, respectively). Bulk densities of

approximately 94% could be achieved in 30 min at 400 W, corresponding to a sample

temperature of 2135 ◦C ± 27 ◦C. However, the same density could be obtained in

a total of 16 min by continuing to step up the power to 550 W, corresponding to a

maximum specimen temperature of 2205 ◦C ± 28 ◦C (Fig. 4.1). Sample temperature

could not be increased further without the specimen fracturing. Sample temperatures

were within standard error of the recommended sintering temperature of the powder

(2150 ◦C ± 50 ◦C). The higher density reached by the fire 1 conventionally sintered

specimens was due to the longer times spent at sintering temperatures than any of

the flash sintered specimens.

4.2.1.3 Liquid phase sintering mechanisms

With sufficient B, a liquid phase can be formed at normal sintering temperatures of

SiC (∼2150 °C), well below the B4C-SiC eutectic temperature45,46. Stobierski and

Gubernat showed that this increases the rate of sintering and, above a certain level
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of B, can also cause the growth of abnormal, elongated grains such as those seen

here in the centre of the specimens (Fig. 4.3k)41. The SiC powder used in this

work is the same as that used by Stobierski and Gubernat41,48, and the amounts

of C and B are close to the maximum amount reported to give effective sintering

without causing abnormal grain growth at 2150 °C. The nominal maximum surface

temperature of the specimens created using the 550 W heating schedule (2205 °C ±

28 °C) was slightly higher than this and the observation of elongated, abnormal grains,

associated with liquid phase formation in the central part of the specimens in this

work can be attributed to the even higher temperature experienced in the interior.

Despite this, the average grain size at the centre of the flash sintered specimen was a

little over half that of the conventionally sintered, fire 1 sample sintered at 2200 °C.

This is likely a consequence of the much shorter hold times used for the flash sintered

specimens.

101



Chapter 4. Effect of flash sintering parameters on the densification and
microstructure of silicon carbide

Figure 4.33: Gibbsian interfacial excess values of chemical species in flash sintered and
conventionally SiC. Fire 1 and 2 refer to samples that were conventionally sintered.FS
refers to SiC that was flash sintered using the 400 W heating schedule without carbon
additions. FS Hard refers to samples heated with the 550 W flash sintering schedule,
and using the mirror 2 set up (section 3.2).

Gibbsian excess denotes the excess atoms of a particular species found within

a feature as compared to the surrounding matrix146. Figure 4.33 shows Gibbsian

interfacial excess measurements for B, Si, and C for 29 SiC grain boundaries plotted

versus grain boundary misorientation. The measurements indicate that flash sintered

and conventionally sintered SiC samples had similar grain boundary phases to one

another: a slight Si and C deficit and a greater concentration of B than found in the

SiC grains.

De Jonghe et al. show that liquid phase sintering aids result in complex phases in
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HP ABC-SiC; various phase compositions and both amorphous and crystalline struc-

tures were detected at triple grain boundaries, grain boundary films and in inter-grain

inclusions44. This shows that this degree of grain boundary complexity is encountered

in SiC produced through more conventional heating techniques that do not directly

heat the sample using electrical current and although they may be complicated, the

results of Fig. 4.33 are unlikely a direct consequence of flash sintering.

4.2.1.4 Densification rate

It is difficult to entirely separate the effect of power ramp rate from that of total hold

time on sample properties. Faster ramp rates resulted in lower bulk densities, but

this is likely a consequence of shorter times at sintering temperatures, rather than

any effect of the ramp rate. For example, samples produced with and without a ramp

but similar hold times (100 W min−1 ramp vs. LH, respectively) had densities and

grain sizes that were within experimental uncertainty of one another. Although these

results do not entirely separate the effects of power ramp rate from those of total

schedule time on sample properties, they suggest that any effect of ramp rate is not

as influential on sample microstructure or density as the effect of total schedule time.

The effect of heating rate on SiC microstructure and density was studied by

Gephart et al. using an SPS machine152. Using the same pressure, final furnace

temperature and hold time for each test (45 MPa, 2100 °C and 5 min, respectively),

they tested ramp rates from 50 °C min−1 to 400 °C min−1. Akin to the results of this

work, they show that the fastest heating rates result in the lowest bulk densities and

smallest grain sizes, which they attribute to the shorter total times spent at sintering
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temperatures of the samples that are subjected to the highest heating rates.

The sintering rate of SiC doped with B,C sintering additives was studied by Sto-

bierski and Gubernat who were able to sinter green bodies with similar compositions

to the samples in this work to ∼92% density in ∼40 s at 2150 °C by plunging the

specimens into a ready-heated furnace41. The flash sintered specimen in this work

with the same nominal temperature took 240 s to reach the same density and so,

whilst also sintering very rapidly, was slightly slower than in the isothermal experi-

ments of Stobierski and Gubernat. In this work, higher densities were achieved by the

conventionally sintered, fire 2 specimen compared with that of a flash sintered sample

using the 550 W heating schedule, (96% vs 94%, respectively) despite both samples

spending similar times above sintering temperatures. All of the above demonstrates

that, as with oxides such as YSZ99 and ZnO153, the electric field was not directly

responsible for the rapid sintering.

This faster densification rate recorded by Stobierski and Gubernat than those in

this work is unlikely to be consequence of heating rate, which, as discussed above,

was shown to have little effect on the densification rate of SiC during sintering. It

is instead suggested that the slightly slower rates in this work were a consequence

of unoptimized sintering additives, caused by the mildly oxidising atmosphere of the

Al2O3 furnace tube. As can be seen from the ternary phase diagram of B-Si-C at

2230 °C in Fig. 4.34, only a slight change in additive concentration could affect the

amount of liquid in the sample. As Stobierski and Gubernat show, densification rates

are highly dependent on additive content and hence amount of liquid phase41. This

might explain the slower densification in this work and is something that could be
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expected during the conventional, pressureless sintering of SiC.

Figure 4.34: Isothermal ternary phase diagrams of the B-Si-C system at a) 2230 °C,
b) 2240 °C, c) 2250 °C and d) 2260° C. Diagram produced by Asadikiya et al.46. The
numbers 1 to 4 represent different phases

.

Todd et al. show that the opposite is true of 3YSZ99. They demonstrate that high

heating rates can accelerate sintering rates by over two orders of magnitude compared

with those achieved with slow, conventional heating rates. 3YSZ can also be flash

sintered to near theoretical density in seconds11. From Fig. 4.31 it seems unlikely that

high density SiC could be reached in the timescale of a few seconds achievable with

YSZ. It stands that SiC is fundamentally a different material to YSZ, and it may be

that the achievable sintering rate is more limited by grain boundary chemistry than is

the case for oxides. This being the case, heating rate, or power ramp rate, may play a
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less important role in sintering of SiC. However, this is also the case for conventional

heating methods and is not a distinct effect caused by flash sintering. High density

SiC was achieved using the conventional fire 2 schedule, which was shorter than the

manufacturers recommended heating schedule by ∼5 h. Similarly, compared with the

fire 1 heating schedule, the production time of the flash sintered sample was reduced

by ∼6 h but also with a furnace temperature lower by 700 °C.

4.2.1.5 Thermal decomposition of SiC

Thermal decomposition of SiC has been shown to occur at temperatures about

2500 °C72 and Stobierski and Gubernat expect thermal decomposition of SiC to occur

above 2000 °C48. Zapata-Solvas et al. also showed that large areas of the surface of

their flash sintered SiC were rich in either Si or C16. Given that the temperature

of the edge of a specimen produced using a 550 W power limit was 2205 °C and

the non-uniformity of temperatures throughout the specimen during flash sintering,

it is suggested that thermal decomposition temperatures may have been reached in

the hotter portions of the sample, like the hot centre and near the electrodes where

contact resistance is high. These sections of the sample have been shown through finite

element modelling to be hotter than the edges of the sample during flash sintering of

YSZ116.

Dolloff72 reported that, at ambient pressures, SiC melts incongruently with Si

melting and a C solid remaining in the microstructure. It is suggested that this is

what has happened in Fig. 4.21. Due to its higher melting temperature C is left in

the centre of the specimen, while some of the Si melts and is pushed to the sample’s
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surface by thermal gradients and some is ejected as vapour. This process continues

until it eventually compromises the structural integrity of the specimen and leads to

fracturing near the electrode.

4.2.1.6 The role of oxygen during flash sintering

To best of the author’s knowledge, there is no evidence in the literature to suggest

that O promotes densification during sintering of SiC with B,C sintering additives.

The consensus in the literature states that free C is added to the starting SiC powder

primarily to remove the O present in the passive layer of SiO2 on the surface of the

SiC powder; typically by adding 3wt.% C48,82,84,154. Stobierski and Gubernat show

that the optimum amount of C that should be added to the starting powder to achieve

the highest density after sintering without pressure is 3wt.%48. Their SiC powder was

nominally the same as that used during this DPhil project. The starting powder used

in this work had an initial carbon content of 3.3wt.%, but this content is very likely

to have increased after the 1 h carbonisation stage at 800 C, which was recommended

by the manufacturer, to which every sample was subjected. The accepted equation

that describes the carbothermal reduction reaction that dominates the removal of

SiO2 from the surface of SiC between 1300 °C - 1400 °C is154:

SiO2 + 3C = SiC + 2CO (4.1)

This demonstrates that the molecular ratio of 3C to SiO2 is 36/60, and that 5%

SiO2 would require 3% of C to complete the reaction. Given that the samples in this
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work did, at a minimum, contain 3.3wt% free C, it is highly likely that any SiO2

was reduced completely over this temperature range. Furthermore, Clegg also found

that even without any free C, SiC on its own can react with SiO2 and remove it

at high enough temperatures154. Evidence of these carbothermal reduction reactions

occurring within samples is implied in Fig. 6.6. Undulations in the samples’ resistivity

as they are heated through 1300 °C - 1400 °C are suggested to be a consequence of

the chemical reactions between the SiC, C, and SiO2. All samples in this work were

slowly heated over this temperature range and as a result, any surface SiO2 in the

sample would likely have been carbothermally reduced before the SiC samples were

flash sintered. Furthermore, various carbon sources were also added to the furnace to

increase the amount of C in the sintering atmosphere. This would have further aided

the reduction of O in the sample at all stages of heating. For the above reasons, it is

not anticipated that there was enough of O in the SiC samples in this work for O to

have played a dominant role in the densification mechanisms during flash sintering.

108



Chapter 4. Effect of flash sintering parameters on the densification and
microstructure of silicon carbide

4.2.1.7 Errors in temperature estimation

Figure 4.35: Schematics of the conventional fire 2 (red) and 550 W (blue) sample
temperature profiles, comparing the time spent by each sample above the lower limit
of the recommended sintering temperature of the powder (2150 °C ± 50 °C). The
flash sintering schedule was overall shorter than the conventional by approximately
1 h.

Despite the similar times spent at sintering temperatures of the conventionally sin-

tered fire 2 sample and a sample produced with a 550 W heating schedule (Fig. 4.35),

the fire 2 specimen had a density of ∼96% whereas the flash sintered specimen only

reached ∼94%.

Comparisons between the SEM images taken at edge 1 and edge 2 of the 550 W

flash sintered specimen (Figs. 4.3k and 4.3m, respectively) show significant differences

in average grain size. Clearly, the two edges were not at the same surface temperature,

which is a key assumption of the blackbody radiation model and introduced error

into the estimate of the temperature at the sample’s surface. The temperature at the

surface of edge 2 was likely colder than, and that at edge 1 was likely hotter than, the

temperature of the conventionally sintered fire 2 specimen. This was a consequence of
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sample geometry: edge 2 was initially 3 mm from the centre of the sample while edge 1

was only 1 mm from the centre. Current localisation meant that most of the heat

was dissipated in the centre of the specimen. Consequently, surface temperature was

highly dependent on distance from the centre of the sample. The colder temperature

at edge 2 of the flash sintered specimen resulted in porosity at the sample’s edge

and hence it had a lower density compared to that of the conventionally sintered

fire 2 specimen. The conventional sintering technique resulted in more homogeneous

sintering throughout the sample.

Although it is clear from Fig. 4.31 that shrinkage did occur and that the sample

did reach sintering temperatures, given the error associated with the assumption of

uniform sample temperature, the blackbody radiation model can only provide an

indication of sample temperature. This is the case for other flash sintering studies

using this method of temperature estimation100,111,136.

A further source of error when comparing sample temperatures was the measure-

ment of furnace temperature during the conventional sintering of the SiC powder.

Above 1200 °C the furnace temperature was measured using a pyrometer. The man-

ufacturer supplied an error of ± 0.01 °C at 2200 °C. It is suggested that this is an

underestimate, and likely the instrumental error rather than the total error associ-

ated with the furnace temperature measurement. Without further information, it is

assumed that the error on the manufacturer’s furnace is not any greater than that as-

sociated with the error on the temperature of the flash sintered specimen through the

blackbody radiation model.
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4.2.2 Thermal gradients

Grain size gradients exist between the centre and the edge of almost all samples in this

work. This is a consequence of the sample’s cooler edge and the current’s tendency

to localise in the centre of the specimen as a result. This been discussed in previous

flash sintering studies, both experimentally16,101 and through simulation116,134.

Sample density increased with increasing furnace temperature (Fig. 4.11) despite

the moderation of the electrical power to maintain similar sample surface tempera-

tures in this series of tests. A significant difference between tests is the temperature

gradient within the sample, which will be greater for a lower furnace temperature

owing to the greater heat loss from the surface. This is exacerbated by current locali-

sation in the centre of the sample owing to the NTC of resistivity108. A lower furnace

temperature also resulted in greater heat losses from the ends of the specimen, beyond

the electrodes, which were not included in the calculation of the specimen surface tem-

perature, resulting in a slightly lower sample temperature than intended. A further

contribution to this may be that the samples with lower furnace temperature experi-

enced less pre-heating treatment before flash sintering took place. Zapata Solvas et

al.16 showed that pre-treating SiC samples reduced the critical flash sintering tem-

perature (i.e. lowered resistivity). Any reduction of the pre-heat period may also

encourage current localisation.

All the above effects cause temperature in the sample interior to be greater than

at the edge. This leads in turn to differential sintering, in which the hot interior of the

sample sinters faster than the outside. The main consequence of differential sintering
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is apparent from Fig. 4.11, namely that porosity remained in the cooler, exterior

region of the sample when the interior of the sample was already dense. This led to

constrained sintering and was the main limitation on the bulk density achieved. It

was clearly more pronounced with the higher temperature gradients resulting from a

lower furnace temperature. The higher temperature and lower porosity in the interior

of the specimen were also responsible for the larger grain size in the centre than at

the edge. Despite having a higher density, this is still apparent in samples produced

at higher furnace temperatures (Fig. 4.11). This effect can be managed by the use of

insulation133 around the specimen and by more sophisticated electrode geometries134

that concentrate the current towards the edge of the specimen. Similar conclusions

can be drawn regarding the low density results from samples that were thicker than

the standard size (Fig. 4.28) or disc shaped specimens (Fig. 4.30).

An error while predicting sample temperatures could also have arisen from assum-

ing the same emissivity value to predict the power needed for each test. Balat-Pichelin

and Bousque show that rougher surfaces tend to increase the emissivity of SiC137. As

the surfaces of the samples produced with lower furnace temperatures, thicker di-

mensions and that of the disc shaped specimen all had porous edges, the emissivity

at the edge of these samples may have been higher than the emissivity value that

was originally accounted for. This would result in greater radiative heat losses, and

hence an underestimate of the power necessary to heat the edge of the sample to

the temperatures that were initially sought (those of the benchmark 400 W test,

∼2135 °C).

The greater extent to which the current localised in all the above samples might
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have led to the expectation of higher central sample temperatures, as the power

would have been dissipated in a smaller volume of the sample. However, this does

not appear to be the case in any of the samples that excessively suffered from thermal

gradients. A more detailed study of the porosity distribution across the cross section

of the samples may provide more clarity as to the extent of current localisation in

each instance. It is likely that numerical modelling will be required to understand the

thermal gradients inside the SiC during flash sintering, as it has been done for 3YSZ

flash sintering studies.

4.2.3 Sintering atmosphere

Outliers in Fig. 4.32 were the consequence of additional chemical reactions caused

by the sintering atmosphere. These reactions altered sample properties beyond what

could be expected from the thermal effect of the current during flash sintering.

4.2.3.1 Gas type

While Helium and RGAr gas types provided similar, inert sintering atmospheres, N2

and Ar + 5% H2 gas types had a significant effect on sample density and grain size

(are highlighted in Fig. 4.32 by green ellipses). The N2 atmosphere resulted in larger,

more elongated grains than those in samples produced in inert atmospheres (∼5 µm

in the centre vs ∼3 µm, respectively) and the lowest bulk density of the atmosphere

tests (∼78%). The effect of N2 doping on α-SiC with B,C sintering aids has been

studied previously by Kondo et al.30. They show that the incorporation of N2 in the

SiC lattice stabilizes the 3C (beta) phase of SiC, and Jepps et al. demonstrated that
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a N2 atmosphere promotes the reverse phase transformation of alpha to beta SiC29.

This is corroborated with the results in this work, where the Rietveld analysis shows

that the sample flash sintered in a N2 atmosphere was the only sample to exhibit the

cubic, 3C phase of all the tests. It is concluded that the flash sintering technique did

not alter how N2 affects SiC sample microstructure during sintering.

The reducing atmosphere created by using Ar + 5% H2 gas during flash sintering

restricted grain growth and lowered sample density when compared to samples pro-

duced in helium or argon. The effect of O2 partial pressures on active and passive

oxidation of SiC has been studied by Raj et al.155. They show that reducing the

partial pressure of O2 at sintering temperatures of SiC (>2000 °C), can lead to active

oxidation of SiC. Very low O2 partial pressures (10−7 atm) can lead to volatilisation

of SiO2 or thermal decomposition of SiC.

It is proposed that the reducing atmosphere created by the Ar + 5% H2 gas

lowered the partial pressure of O2 in the furnace tube to an extent where the SiC

sample actively oxidised during flash sintering. This resulted in a lower bulk density,

compared to the samples created using RGAr or He atmospheres. Grain growth was

also restricted compared with the RGAr or He tests.

4.2.3.2 Role of carbon in the atmosphere

Unfortunately, there is no quantitative measurement of how much C is in any of the

samples in section 4.1.5. As a result, the discussion below is to be treated as a broad,

speculative argument to explain the clear, empirical effect that the C additions had

on the density and microstructure of SiC in this work.
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The addition of C sources (inlet foil and discs) in the furnace tube affected sample

densification and microstructure in all tests (Figs. 4.1.5). Urretavizcaya et al. showed

that graphite discs placed either side of Al2O3/SiCw samples greatly affected sample

microstructure during sintering156. They propose that graphite discs reduced O2

partial pressures through CO in the atmosphere which led to the precipitation of

graphite on the surface of the samples. It is suggested that the C additions in this

work behaved in a similar manner. Additionally, it is more plausible that the C

indirectly affected the centre of the samples: additional C on the surface reduced the

amount lost in the centre of the sample during heating. However, given the clear effect

a N2 sintering atmosphere had on the microstructure at the centre of a SiC sample

during a similar heating schedule, it may be that the effect of atmosphere is more

pronounced at low temperatures, before densification takes place. It is also worth

noting that while C may have affected sample microstructure in a similar manner to

an Ar + 5% H2 atmosphere, the latter’s effect was clearly more pronounced. This

could be expected as the small amounts of CO relative to an atmosphere purely of

Ar + 5% H2 would be less reducing.

Broadly, C had two distinct temperature regions in which it affected sample mi-

crostructure: below 2240 °C where it restricts grain size, and above where it causes

large grain growth.

For most of the results in this work, additional C was not used. In this case, it is

suggested that sintering took place in ‘phase 1’, as is marked on the B-Si-C ternary

phase diagram in Fig. 4.34. That is, below 2240 °C and with a small amount of B so as

to create a liquid phase, as suggested by Stobierski and Gubernat41. In this regime,
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the C additions in the powder restricted the average pore radius as the sample is

heated48 and reduced the SiO2 on the surface of SiC21 which increases powder surface

energy and promotes densification.

The addition of C into the atmosphere at this temperature moved the sintering

into phase 2 (Fig. 4.34) where there was less liquid phase and more solid phase (B4C

+ graphite + SiC). Without a liquid phase, grain growth was restricted compared to

the case with lower amounts of CO in the atmosphere or graphite on the surface of

the sample (which may have indirectly retained more C in the sample’s centre). This

can be seen in almost all samples produced with C additions, with more C resulting

in smaller average grain sizes (Figs. 4.17 and 4.18). The two exceptions to this are

described in the following paragraphs.

First, the addition of C foil to the 400 W heating schedule increased the average

grain size compared to a sample produced without C. Stobierski and Gubernat showed

that there was an optimum amount of C sintering aid (3 wt.%) needed to achieve

the highest bulk density of SiC during sintering48. The same is assumed for this SiC

powder but as suggested above, due to the mildly oxidising atmosphere of the alumina

tube, a greater amount of C might have been necessary to achieve the optimum

amount in this work compared to the optimum found by Stobierski and Gubernat,

who sintered their SiC in a graphite furnace. It is suggested that the amount of C

introduced into the system by the C inlet foil is, within the conditions tested, closer

to the optimum amount of C that is required to achieve maximum sample density in

this work. Any additional C into the system then reduced grain sizes, as can be seen

in Fig. 4.18 and reported by Stobierski and Gubernat.
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The second exception was if the sample was heated above 2250 °C. Above this

temperature, a liquid phase is present in most of the phases in the B-Si-C ternary

phase diagram (Fig. 4.34c). Sample temperatures achieved using the mirror set

up shall be considered around this region. No flash sintered sample that displayed

abnormal grain growth was investigated using APT.

The mirrors are assumed to have increased sample temperatures as they are made

from molybdenum or SiC and both are used as infrared mirrors in space157 and

laser158 applications (set up shown in section 3.1). Comparing samples produced

with the same C foil addition and heating schedule, but sintered with and without

mirrors, the mirrors increased the average grain size in the centre and edge of the

specimen (550W, C foil vs mirror 1). This suggests that the mirrors did increase

sample temperatures and a thermal contribution from the mirrors to grain growth

shall be assumed for all mirror tests.

The mirror 3 sample (C foil and discs) was one of the densest and hence hottest

of the samples in the mirror tests (above 2250 °C). This resulted in a liquid phase

(Fig. 4.34c) at the centre and edge of the sample and hence abnormal grain growth

that was not present when the C additions were used without the mirrors.

With respect to the sample produced with the mirror 2 set up (C discs), this

specimen may not have been quite as dense as the others (Fig. 4.12) and as a result

may have had a slightly lower temperature than those for the same power limit.

Given the temperature sensitivity in the phase diagrams, that only 10 °C can result

in a large change of phase (Fig 4.34b and 4.34c), even small dimensional changes in

the sample could affect specimen temperatures and hence the phase of the sintering
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additives. It is suggested that the edge of this specimen was in phase 2 (Fig 4.34b),

while the hotter centre was in phase 3, shown in Fig. 4.34c. This reduced grain sizes

at the edge of the specimen while it resulted in larger, elongated grains in the centre,

relative to the 550 W schedule with no C additions.

The sample produced using the mirror 1 set up (C foil) did not suffer from ab-

normal grain growth but had a similar density to the sample produced with the

mirror 3 set up (C foil and discs). A tentative hypothesis could be that the alumina

discs on which the mirror set up was placed, resulted in a slightly cooler sintering

atmosphere than that created by the mirror 3 set up. This could be caused by the

alumina discs absorbing less heat than the C discs due to alumina’s smaller emissivity

value compared with that of C (∼0.75159 vs ∼0.79160, respectively). Additionally, the

highly anisotropic behaviour of graphite’s thermal conductivity may have reduced the

amount of heat removed from the molybdenum mirrors and caused the atmosphere

around the sample sintered with alumina discs to be cooler. If the sample was cooler,

there would be less liquid phase (Fig. 4.34b) and hence would have smaller grain sizes

than the sample sintered with C discs.

Carbon as insulation

The outliers in the green ellipse in Fig. 4.32 were the result of samples produced

using C felt and foil as insulation. These samples had large average grain sizes and

low densities.

If the C foil was wrapped too tightly around the sample, the sample would crumble

when removed from the furnace after flash sintering. If wrapped into a cylinder loosely

118



Chapter 4. Effect of flash sintering parameters on the densification and
microstructure of silicon carbide

around the sample, the specimen would survive. As discussed in section 4.2.3.2 sample

microstructure and density are highly dependent on the proximity of C to the sample

surface. It is suggested that the C insulations were mounted too close to the sample,

which resulted in lower partial pressures of O2 than was the case when the C was

introduced via the inlet foil or discs below the sample. This proximity of the C

source to the sample actively oxidised the surface of the samples and reduced the

bulk densities reached.

The very large grains shown in Fig. 4.14 created by the C felt suggests that this

insulation overheated the SiC sample during sintering. Akin to the results of the

mirror 3 test, these very high sample temperatures (>2250 °C) resulted in a liquid

phase which caused abnormal grain growth. The large peaks in the XRD spectra

(Fig. 4.13) might not necessarily be indicative of polytypic concentration in these

samples and may instead be explained by the increased probability of the detecting

these very large grains.

Chemical stability at high temperatures

Additionally, C also allowed longer sintering times to be achieved. The maximum

repeatable time that a sample could spend sintering at a power limit of 550 W without

any C additions was 1 min without fracturing. With the C inlet foil and discs, the

sample remained intact for approximately 1.5 h at this same power limit (Fig. 4.21).

Without C, the passive layer of SiO2 on the surface of SiC reacts with the SiC through

the following reaction48:
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microstructure of silicon carbide

SiO2 + nSiC = Si ↑ +SiO ↑ +CO ↑ +(n− 1)SiC (4.2)

In presence of excess C, the C bonds with the volatile products (Si and SiO) in

Eqn. 4.2 and only CO is transferred to the gaseous phase though Eqn. 4.3:

SiO2 + nSiC + 3C = CO ↑ +(n− 1)SiC (4.3)

This reduction in the amount of Si limited ejection of Si vapour that would have

otherwise resulted in sample fracture. However, after a 1.5 h hold period, the sample

was totally thermally decomposed (Fig. 4.21), with microstructures similar to a

sample that was heated beyond 2205 °C without any C (Fig. 4.5). The specimen

crumbled when it was removed from the furnace.

It is suggested that all specimens produced in this work at a power limit of 550 W

were thermally decomposing, and that C merely delays the inevitable. Although the

C additions and the limited sintering times of flash sintering reduced its effect on final

sample microstructure, it should be considered in future work.
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Chapter 5

Mechanical properties of flash
sintered silicon carbide

This section details the mechanical properties of the SiC samples described in Chap-

ter 4. While Vickers hardness values are given of all the samples discussed previously,

strength and toughness values are only given of samples that were conventionally

sintered with long and short holding times, and those produced using an optimised

flash sintering process: 550 W power limit, C discs and foil. This flash sintering heat-

ing schedule was chosen as an optimum as it produced samples with small, equiaxed

grains, high densities and Vickers hardness values that were higher than conven-

tionally expected of similar SiC. A comparison between the mechanical properties of

optimised flash sintered and conventionally sintered SiC is presented and discussed.
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5.1 Effect of flash sintering parameters on Vickers
hardness

5.1.1 Results

5.1.1.1 Indentations

Figure 5.1: Representative micrographs of Vickers indents in a) and b) super hard
SiC (∼28 GPa) and c) and d) SiC samples of normal hardness (∼24 GPa). All
indentations were made using using a 5 kgf load.

Representative optical images of Vickers hardness indents in flash sintered specimens

are shown in Fig 5.1. The indents in Fig. 5.1a and b is representative of samples

that exhibited super-hardness, ∼28 GPa, while those in Fig. 5.1c and d are typical

of samples that hardness values thata could be expected of SiC, ∼24 GPa.
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5.1.1.2 Effect of density on hardness

Figure 5.2: Vickers hardness (HV5) against density for all flash sintering parameters
tested in this work. The conventionally sintered sample (fire 1) is shown in the blue
dashed circle. For reference, the Vickers hardness of SiC (from a test with a similar
indentation load) from the literature is indicted by the red dashed line. The green
dashed ellipse 1 represent samples whose microstructures were affected by N2 and
Ar+5%H2 atmospheres, while the samples in ellipse 2 had additional C in the furnace
tube while sintering (described in chapter 3)

As shown in Fig. 5.2, the Vickers hardness of a specimen was generally dependent on

the sample density that was achieved through use of different flash sintering param-

eters. This dependency diminished for higher specimen densities; once the sample

reached a hardness of ∼24 GPa, or ∼90% density, any further increase in density

did not improve the hardness of specimens. This value was just above the hardness

expected from the literature of the same SiC powder73 (red dashed line, Fig. 5.2)
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and was the same as that achieved by the conventional sintered SiC samples in this

work (blue dashed circle). It should be noted that the density of each sample is a

bulk density; the indents were made at the centre of the sectioned sample which was

almost always denser than its edge.

Outliers in the data are highlighted in green ellipses in Fig. 5.2. The sintering

conditions of these tests produced samples with the lowest and the highest hardness

values of all the tests. Those in ellipse 1 were produced using N2 and Ar + 5 %H2

atmospheres, with the N2 atmosphere producing the lowest hardness of any sample

at (9.4 GPa ± 0.8 GPa). These low values are likely a consequence of the low density

of these samples. Those in ellipse 2 had additional C in the system during sintering.

These specific samples exhibited significantly (>2 std. err.) higher hardness values

than those achieved through conventional sintering of the same powder (24.6 GPa ±

0.6 GPa, fire 1). The highest hardness achieved of all tests was 27.8 GPa ± 0.4 GPa

of the sample produced using the mirror 2 set up. The atmospheres that affected

the densities and microstructures of these samples are discussed in section 4.1.6. As

such, these results should be treated differently from the rest of the results in Fig.

5.2, the microstructures of which were predominantly affected by heating and thermal

gradients, and not by additional atmospheric conditions. It should be noted that not

all samples with additional C in the sintering atmosphere exhibited this increase in

hardness (further discussed in section 5.1.2.3).
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5.1.1.3 Effect of grain size on Vickers hardness

Figure 5.3: Vickers hardness of all flash sintered samples, with samples that were
conventionally sintered given in blue ellipsis and super-hard SiC shown in the green
ellipsis.

As shown in Fig. 5.4, the Vickers hardness of most of the SiC samples tested in this

work increased with grain size until ∼24 GPa (∼90% bulk density), after which there

was little dependency between the two. Although the super-hard SiC specimens did

surpass this ∼24 GPa threshold, there was still no correlation between the hardness

and grain size of these samples (green ellipse). Samples of very low hardness (bottom

left in Fig. 5.4) were very porous.
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5.1.1.4 Atom probe tomography results

The atom probe tomography results presented here are the work of a previous DPhil

student – Dr J. Singh144 - who performed analysis on the SiC samples produced by

the present author.

Figure 5.4: A reconstruction of an atom probe tip taken from the centre of a grain in
a super-hard SiC sample (produced using mirror 2 set up, also lablled as FS Hard in
APT results). Blue data points indicate B atoms, with clear signs of clustering.

Figure 5.4 shows a dispersion of blue clusters in a super-hard SiC specimen (la-

belled FS Hard in the APT work, but was created using the mirror 2 set up) that were

identified as “boron rich clusters”. The nominal composition of these clusters is given

in Table 5.1. However, due to atom probe artefacts, the B content of the clusters may

have been underestimated. The slight plate-like form of the clusters normal to the

analysis direction may be the result of an electric field artefact. While these clusters

were observed in conventionally sintered specimens (fire 1 and 2, section 3.5), and in

a flash sintered (FS) specimen (400 W, stepped heating, section 3.3), all with “nor-

mal” hardness values, their occurrence was far less frequent in these specimens than

in the super-hard specimen (FS Hard). This is shown in Fig. 5.5 through binomial

grid-based frequency analysis of the boron clusters in the APT tip reconstruction.

The small amount of B in the starting powder (0.5wt.%) is below the resolution of
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Sample Silicon (%) Carbon (%) Boron (%)

FS Hard 20.6 ± 0.4 21.4 ± 0.5 57.9 ± 0.6

Table 5.1: Averaged, relative atomic composition of clusters in super-hard SiC grains
(FS Hard, or Mirror 2).

the XRD technique, which explains why B is not detected in any of the XRD scans

in Chapter 4.

APT analysis of the grain boundaries in all SiC samples showed greater concentra-

tions of B at grain boundaries than in the bulk grain. Super-hard Flash Sintering (FS)

and conventionally sintered SiC had similar concentrations of B at grain boundaries,

while SiC of normal hardness showed a smaller amount: this was attributed to the

low density of the sample.

Figure 5.5: Binomial grid-based frequency analysis of SiC grains, showing the Pearson
correlation between B clustering and the processing technique. Fire 1 and 2 refer to
samples that were conventionally sintered. FS refers to SiC that was flash sintered
using the 400 W heating schedule without carbon additions. FS Hard refers to samples
heated with the 550 W flash sintering schedule and using the mirror 2 set up (section
3.2).
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5.1.2 Discussion

5.1.2.1 Effect of density on hardness

As indicated in Fig. 5.2, Vickers hardness correlates with density up to approximately

90%, after which there was no further increase in hardness as density increased. It

is suggested that once the mean density of a sample reached ∼90% dense, the centre

of that specimen was almost fully dense, and it was the porous edge that resulted in

a low bulk density measurement (discussed throughout chapter 4). As a result, the

hardness of the centre of the sample had reached what could be expected of dense

SiC from the literature (see below). Any further increase in density only decreased

porosity at the specimen’s edge, which did not affect the hardness at the centre of the

specimen and hence no further increase in hardness was achieved for higher densities.

The values of hardness reached after ∼90% bulk density are higher than those

reported by Wade et al.73 for SiC of similar density using the same indentation load

(approximately 22 GPa and 94% for coarse grained specimens and 23 GPa and 96% for

fine grained specimens). Magnani et al.40 measured a hardness of 23.4 GPa ± 0.7 GPa

(10 kgf) for 97% dense samples made by pressureless sintering of the same powder as

was used here. Microstructural comparisons between a flash sintered sample (550W,

Fig. 4.3, 24.7 GPa ± 0.7 GPa) and that produced by Magnani show similarly low

levels of porosity at the centre of the samples, where Vickers indents were made.

Vickers hardness values of the samples were within error of each other. It is concluded

that flash sintering created SiC that was at least as hard as conventionally sintered
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SiC.

As can be seen in Fig. 5.2, the samples in ellipse 1 had a lower density but similar

hardness values to other specimens. It is suggested that this is primarily a result of

the atmospheric conditions that these specimens were produced in. These samples

had very rough surfaces and low density as a result of chemical reactions at the surface

of the sample during sintering (reactions discussed in section 4.1.6). Consequently,

the surface absorbed more water and increased the saturated weight of the samples

during the Archimedes density tests. This lowered the apparent density of these

samples compared with those of samples produced in non-reactive atmospheres. The

centres of these samples were less affected by atmospheric conditions and hence the

specimens were of similar hardness to those produced in non-reactive atmospheres.

It should be noted that the centres of these samples were not dense, and hence all

these samples had low hardness values.

As shown in Fig. 5.2, the dependency of hardness on density diminished after

∼90% mean density was reached. However, it was possible to increase the hardness

further by the addition of C into the sintering atmosphere (Fig. 5.2, green ellipse 2).

The effect that C had on the hardness of SiC in this work shall be discussed in

the context of average grain size, a C threshold, SiC polytype concentration and

submicron B inclusions.
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5.1.2.2 Investigation of super-hard SiC: effect of grain size

400 W 30 min hold Mirror 2 set up

Hardness [GPa] 24.4 ± 0.2 27.8 ± 0.4

Mean density [%] 93.2 ± 0.2 93.6 ± 0.4

Grain size [µm] (centre) 3.4 ± 0.2 6.6 ± 0.5

Table 5.2: Averaged, relative atomic composition of clusters in super-hard SiC grains.

For convenience, the properties of two flash sintered specimens that were discussed

previously are given in Table 5.2: a sample sintered according to the 400 W, 30 min

hold time schedule and that sintered using the mirror 2 set up. This comparison

shows that despite the mirror 2 sample having a similar density to that of the 400 W

30 min hold specimen and an average grain size that was almost double, the mirror 2

specimen had a significantly higher hardness (27.8 GPa ± 0.4 GPa (mirror 2) vs

24.4 GPa ± 0.2 GPa (400 W 30 min)).

Hardness often obeys a conventional Hall-Petch relationship with grain size; how-

ever, Fig. 5.4 indicates that the SiC samples in this work deviated from this theory.

The increase in hardness with grain size seen in samples with grain sizes below ∼4 µm

can be attributed to the low densities of these samples (discussed in section 5.1.2.1).

Any increase in grain size beyond this point did not affect the hardness of the sam-

ples, contrary to the Hall-Petch relationship. This behaviour has been seen before by

Magnani et al. who sintered the same SiC powder as used in this work using a conven-

tional, slow heating profile (similar to fire 1 heating schedule, section 3.5) and using a
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two-step sintering profile40. Although they do not explicitly measure grain sizes, their

micrographs clearly show that the heating schedules produced samples with signifi-

cantly different grain sizes, with the conventionally sintered sample having the larger

size. Despite this significant difference in grain size, the Vickers hardness values of

the samples remained within experimental uncertainty of one another. This lack of

correlation between grain size and hardness is observed in super-hard specimens as

well (green ellipse, Fig. 5.4). It is suggested that a Hall-Petch effect is not observed

due to the comparably larger resistance of dislocations movement and twinning in

covalently bonded SiC. It is concluded that changes in average grain size are not the

determining cause of the super hard SiC.
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5.1.2.3 Investigation of super-hard SiC: effect of the carbon furnace ad-

ditions

Figure 5.6: Plotted are data from section 5.2 that shows the effect that the individual
components of the mirror set up had on the Vickers hardness of flash sintered SiC.
All samples were sintered using the 550 W power schedule. The experimental setups
are described in section 3.2.2. The letters in brackets indicate: f, foil, d, disc and m,
mirrors.

Figure 5.6 indicates that the inclusion of either C discs or foil alone was not sufficient

to cause an increase in hardness, but the combination of both was. The combination

of C discs and foil increased the hardness to greater than 27 GPa from approximately

25 GPa when only the foil or discs were used individually. Including the mirrors

(which raised the sample temperature, section 4.2.3.2) with the foil and discs (mir-

ror 3) did not affect the hardness. Hence, the super-hardness of SiC was not caused
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by an increase in sample temperature above 2205 °C. Instead, it is suggested to be

caused by a C threshold: a critical amount of C in the atmosphere, somewhere be-

tween that introduced by the sole addition of the C foil and that of the C foil and

disc set up. This is true at the normal sintering temperatures (∼2205 °C) and at

the higher sample temperatures caused by the inclusion of mirrors (>2205 °C). When

only the foil was used (mirror 1), the hardness was 23.8 GPa ± 0.6 GPa but once the

discs were also included in the setup, the hardness increased to 27.1 GPa ± 0.6 GPa.

Figure 5.7: Polytype concentration in samples flash sintered using the 550 W power
schedule with different C additions. The XRD scans and Rietveld analysis are shown
in section 3.2.2.

To investigate this threshold further, Rietveld analysis was performed on XRD
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spectra from the samples described in Fig. 5.6, and the relative concentrations of the

three SiC polytypes in the specimens that were identified from the analysis are shown

in Fig. 5.7. All indicate that there is no correlation between Vickers hardness and SiC

polytype concentration. This is corroborated by density functional theory modelling

performed by W.-W. Xu et al. who show that although SiC polytypes may affect

sample properties like Young’s Modulus, the different polytypes are not predicted to

have different Vickers hardness values161.

5.1.2.4 Investigation of super-hard SiC: submicron boron inclusions

TEM analysis of inter-grain inclusions in hot pressed SiC with Al, B and C sintering

additives has been conducted by Zhang et al.44. Their investigation showed that

aluminium rich phases were found at triple junctions and grain boundaries, while

intra-grain inclusions were identified as B rich phases. They suggest that unlike the

aluminium rich phases, which exhibit wetting behaviour and cover grains, the B rich

phases were non-wetting and formed spherical inclusions in the SiC grains. The

inclusions range in size from 0.03 µm to 0.7 µm, with higher annealing temperatures

resulting in larger inclusions.

Zhang et al. hypothesise that some of the grain boundary phase is incorporated

into the grain as grain growth occurs. In this work, there was no discernible difference

between the concentration of B in the centre of the conventionally sintered fire 1 and

fire 2 specimens, despite the 6 h longer heating schedule of the former. APT analysis

of the grain boundaries in these samples shows there was no significant difference in

B concentration at grain boundaries of the two samples. This suggests that even at
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sintering temperatures, diffusion of B in the SiC grains (after the solubility limit was

reached) was limited and hence nucleation is unlikely to have led to the precipitation

of B inclusions within the SiC grains. The growth of the inclusions with increasing

annealing temperature found in further work by Zhang et al., is likely due to the long

annealing times (840 h) used in that work.

As concluded by Zhang et al., it is suggested that the non-wetting behaviour of

the B rich secondary phase in flash sintered SiC resulted in portions of this phase

being enveloped by SiC as grain growth occurred.

Alloys of B4C-SiC have been investigated previously and super-hard SiC alloys

were reported45,75–77. Each investigation produced B4C-SiC through different process-

ing routes (CVD, pressureless sintering and hot pressing) and a common processing

variable/heating schedule cannot be identified between each of the tests. While this

shows that super-hard SiC is not a unique product of flash sintering, the simplified

flash sintering apparatus is advantageous over that used by others: Meerson et al.

described their hot press set up as “expensive and impractical from a technological

point of view”76. Using a conventional furnace with a single heating cycle and without

pressure, the flash sintering technique could drastically reduced the overhead costs of

producing dense super-hard SiC, an attractive attribute if the technique was to be

commercialised.

Kieffer et al. suggest that dispersion hardening by sub-microscopic separation of

SiC and B4C phases is responsible for the super-hardness that they observed of B4C-

SiC “alloys”75. Shaffer et al. showed that no higher hardness than that of B4C can

be reached from a B4C-SiC alloy45. It is suggested, akin to the conclusion of Kieffer,
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that the greater concentration of B clusters identified in the super-hard SiC samples

in this work resulted in dispersion hardening, which was the cause of these samples’

high hardness values.

5.1.2.5 Investigation of super-hard SiC: C thresholds and boron rich clus-

ters

While the exact mechanisms that lead to a greater concentration of B clusters in the

super-hard flash sintered SiC are still unclear, the following is given as a tentative

hypothesis to describe their formation and help elucidate the reasons why a carbon

rich atmosphere in combination with the 550 W heating schedule led to exceptionally

high Vickers hardness values of SiC.

Firstly, on the formation of the clusters. The low solubility of B in SiC162 makes

it unlikely that the clusters are precipitates. There is no evidence in the available

phase diagrams to suggest that B was significantly more soluble at lower tempera-

tures either, which might have allowed the B to dissolve at lower temperatures and

precipitate at higher ones.

Despite the significantly different sintering times of the SiC samples that were

analysed using APT, all samples apart from the super-hard SiC samples exhibited

a similar degree of B clustering and B concentration at the grain boundaries. This

suggests that B did not diffuse to or from the clusters, as the clusters would either be

bigger in the conventional fire 1 sample (long sintering time) due to Oswald ripening

or would have disappeared by the B diffusing to the grain boundary.

The heating rate of all samples in the ‘Effect of furnace carbon additions’ investi-
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gation (section 5.1.2.3) was the same, and hence it could not bear sole responsibility

for the greater concentration of B clusters in the super-hard samples. The slow diffu-

sion of B in SiC suggested by the APT analysis above also suggests that the heating

and cooling rates may not be important in the formation of the clusters.

Zhang et al. analysed hot pressed SiC with Al, B, and C sintering additives us-

ing TEM and nEDS44,163. They observed nanoscale secondary inclusions throughout

the SiC grains that were rich in secondary phases and concluded that the nonwet-

ting secondary phases were incorporated into the grains during grain growth to form

spherical inclusions. They also observed that the size of the clusters only grew once

SiC had spent a significant time at sintering temperatures (∼840 h). This is similar

to the results in this work where sintering time did not affect the B clustering in the

conventionally sintered SiC. Given this similarity, it is suggested the B clusters in the

samples in this work did not form through precipitation. Instead, it is hypothesised

that the B clusters found in the SiC in this work were formed by a similar mecha-

nism as proposed by Zhang et al. and were enveloped by the SiC grains during grain

growth at sintering temperatures.

It was shown that a C rich atmosphere greatly affected the microstructure of flash

sintered SiC and is assumed to have done so by affecting the grain boundary phase

during sintering. The B4C-SiC pseudo-binary45 and ternary phase diagrams46 suggest

that the additional C in the sintering atmosphere may have partially solidified the B

liquid phase during flash sintering. This might have affected the wetting behaviour

of the liquid phase and resulted in more clusters of the B phase being enveloped by

the SiC grains as growth occurred. This may explain why the “FS Hard” specimen
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(Mirror 2), that was flash sintered in a sufficiently rich C atmosphere, exhibited a

greater concentration of B clustering than the rest of the samples that were analysed

using APT. However, further work is needed to better understand the balance between

solidification of the B phase by the C rich atmosphere and sample temperature.

In summary, it is suggested that a C rich atmosphere modified the wetting be-

haviour of the B liquid phase. As the SiC grains grew, they enveloped this partially

solid phase which formed the observed spherical inclusions dispersed throughout the

grain. The effect of heating rate on their formation and the chemical interaction

between atmospheric C and the B liquid phase require further investigation.
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5.2 Flexural strength and fracture toughness

5.2.1 Results

5.2.1.1 Loading curve analysis

Figure 5.8: Representative loading curves of SiC processed in three different ways,
during a) 3-point flexural strength tests and b) SEVNB toughness tests.

The loading curves shown in Fig. 5.8a and 5.8b are indicative of brittle fracture, as is

expected of ceramic materials. The shallower gradient of the fire 1 sample from the

SEVNB tests is likely a consequence of the slightly smaller average sample size of the

samples in this test series.

5.2.1.2 Flexural strength and fracture toughness comparisons

Table 5.3 shows that while the average flexural strengths of the samples were within

experimental error of each other, the fire 2 sample might have been the weakest of the
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materials at 520 MPa ± 33 MPa. Equation 3.2 was used to calculate the strengths.

All average strengths had similar standard errors.

Sample Average flexural strength [MPa] Average fracture toughness [MPa m1/2]

Conv fire 1 571 ± 38 2.7 ± 0.6

Conv fire 2 520 ± 33 2.1 ± 0.5

Optimised FS 576 ± 32 2.9 ± 0.4

Table 5.3: 3-point flexural strength and SEVNB toughness comparisons of conven-

tionally sintered and flash sintered SiC.

Table 5.3 also shows the effect of sintering technique on the fracture toughness of

SiC. While the average toughness of each specimen was within experimental uncer-

tainty of one another, the upper bound of the error associated with the toughness of

the conventional fire 2 specimen was just within the lower bound of the error on the

toughness value of the FS specimen. The toughness of the fire 2 specimen may have

been lower than that of the FS sample. Toughness was calculated using Eqn. 3.3.
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5.2.1.3 Fracture surface comparison

Figure 5.9: Representative SEM images of a fracture surface of a) a flash sintered
sample, b) a conventionally sintered fire 1 sample and c) conventionally sintered fire 2
sample after a 3-point bend test. The red dashed circle shows a large, macroscopically
smooth area.

As shown in Figs. 5.9a and 5.9c, the macroscopic fracture surface of a flash sintered

sample and that of a conventionally sintered fire 2 sample were similar. The fracture

surfaces of the FS and fire 2 are shown in Figs. 5.10a and 5.10b, respectively. Both

show transgranular fracture with evidence of cleavage steps.
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Figure 5.10: Fracture surfaces of a) a flash sintered sample and b) a sample made
using the conventional fire 2 sintering profile.

5.2.2 Discussion

5.2.2.1 Brittle fracture in SiC

All SiC specimens had flexural strength values that were higher than those reported

in the literature on BC-SiC. The same powder that was used in this work was conven-

tionally sintered without pressure at 2200 °C for 1 h by Magnani et al.40. They report

a flexural strength of 341 MPa ± 43 MPa using a 4-point bend test. Sample dimen-

sions were 2 mm x 2.5 mm x 25 mm and used a 4-point rig with a 20 mm support

span. Akin to the SiC processing in this work, they cold isostatically pressed their

greenbody samples at a pressure of 200 MPa. Ghosh et al. used a 3-point bend test

to show that their commercially available α-SiC samples (Hexoloy SA, Carborundum,

[3 mm x 3 mm x 30 mm, 20 mm span]) had a flexural strength of 350 MPa164.

The discrepancy between the values in Table 5.3 and those reported by Magnani or

Ghosh is likely caused by the smaller sample dimensions in this work. These resulted
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in a smaller volume of the sample under maximum tensile stress. Additionally, a

4-point test creates a greater volume of sample under maximum tensile stress than

that created using a 3-point bend rig. These factors reduced the probability of the

largest flaw being within this volume on the face of the sample under tension and

hence the SiC samples in this work had higher flexural strengths than that achieved

by Magnani or Ghosh.

The strength values of each sample are within experimental error of one another,

and hence the heating schedule did not significantly affect the strength of SiC. The

results shown by Kim et al. demonstrate that grain size and shape do not significantly

affect the flexural strength of α-SiC with varying β-SiC concentrations, owing to the

strong interfacial bonding between SiC grains21. The similar standard errors of all the

tests in this work suggest that, compared with conventional sintering, flash sintering

did not introduce any substantially larger flaw into the specimens during sintering and

hence did not degrade the flexural strength of SiC. This correlates with the results in

Table 5.4, which show that critical flaw sizes in all samples were similar.

However, the relative size of the critical flaws to the average grain size of each

sample might indicate what type of flaw caused failure in each sample (calculated

using Eqn. 3.6). The grain sizes of the FS and fire 2 specimens are smaller than the

calculated critical flaw size for either specimen (Table 5.4), which might suggest that

a processing defect was responsible for failure. It was not possible to conclusively tell

what type of defect caused failure in the specimens in this work.
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Sample Critical flaw size (µm) Mean grain size (µm)

Conv. fire 1 14 10.2 ± 1.1

Conv. fire 2 10 4.0 ± 0.2

Optimised FS 16 4.5 ± 0.4

Table 5.4: Critical flaw sizes in SiC samples (semi-circular edge crack).

Toughness values of SiC from the literature are shown in Table 2.1. Results us-

ing a range of methods is given for context, but the most direct comparisons with

the toughness values in this work (Table 5.3) are with those that used the same 3-

point SEVNB technique. Both fracture toughness values recorded by Wang and Rao

(3.2 MPa m1/2 ± 0.2 MPa m1/2 and 2.7 MPa m1/2, respectively) are within experi-

mental error of that measured for the conventionally sintered, fire 1 SiC specimen in

this work (2.7 MPa m1/2 ± 0.6 MPa m1/2). Both authors reported coarse microstruc-

tures, as is the case for the fire 1 specimen (section 4.1.7). While this gives some

confidence in the values of the control specimen in this work (fire 1), errors in the

toughness values of any of the SiC samples in Table 5.3 could have arisen from the

assumption of a perfectly sharp crack when calculating the toughness values and the

measurement of notch length. These sources of uncertainty likely explain the large

error values associated with the toughness values in Table 5.3. The higher values

obtained using the SEVNB technique in this work over those from the Single Edge

Pre-cracked Beam (SEPB) results is likely due to the use of a notch in SEVNB as

opposed to a sharp crack in SEPB.
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While some care should be taken when comparing the values in this work with

those in the literature due to non-standardised sample sizes; there is broad agreement

between the data, which should give some confidence in the results in Table 5.3.

Similar fracture surfaces of the same SiC used in this work were reported by

Magnani et al.40. They show that a sample produced using a slow heating rate and a

long hold time produces SiC that fractures transgranularly. Using a two-step heating

profile they produced a sample with far smaller average grain size and the fracture

surface of this sample showed evidence of inter and trans-granular fracture. This

suggests that the large flat areas on the fire 1 fracture surface (red circle, Fig. 5.9b)

that were not present on the fire 2 or FS sample surfaces, were likely a consequence

of the larger grain sizes of the former specimen.

However, despite the highly bimodal microstructure of the long hold specimen,

Magnani et al. also show that there is no significant change in toughness between

samples. Similarly, the toughness value of the fire 1 specimen is within experimental

error of that of fire 2, and the FS specimen. The large flat areas did not considerably

affect the fracture toughness of this specimen. Kim et al. also show that limited crack

deflection occurs in fine grained α-SiC and that the fracture toughness of α-SiC doped

with varying amounts of β-SiC is independent of grain size and shape21. Hence, de-

spite the slightly different fracture surface of the fire 1 specimen, it suggested that the

fracture mode was broadly similar between all samples (predominately transgranular

with some intergranular) and explains why their toughness values were similar.
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5.3 Armour Discussion

As shown by Kieffer et al. and from the work in this Chapter, the hardness of SiC can

be increased above that typically documented for BC-SiC75. Wade et al. showed that

armour grade SiC had a Vickers hardness of ∼23 GPa73, while that of the super-hard

SiC in this work could reach ∼28 GPa under a similar load. Given that hardness has

been suggested to be an important property in determining the ballistic performance

of an armour ceramic92, it might be reasonable to hypothesise that the super-hard

flash sintered SiC in this work may outperform typical SiC ballistic armour. As a

hard ceramic plate defeats a softer incoming projectile by eroding the surface of the

latter, increasing the hardness of the ceramic plate may improve protection against

armour piercing rounds with cores made of hard materials, such as hardened steel89

and WC165.

Hardness alone does not guarantee good ballistic performance of ceramic armour,

but as shown, flash sintering has not degraded the strength or the toughness of SiC,

which may give some confidence in the above hypothesis. However, additional B

clusters in the super-hard SiC may affect other relevant properties of the material

and requires further investigation.

As an armour ceramic, B4C has advantages over SiC ballistic plates, namely its

greater hardness and lower density. However, B4C is prone to suffer from amorphi-

sation during a ballistic event96. Given that the hardness of SiC can be increased

through what has been suggested to be dispersion hardening, it may be possible to
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create armour that is as hard as B4C but that does not deteriorate in a similar manner

during a ballistic trial.

While flash sintering might lower the cost of producing such armour, it cannot

reduce the density of SiC which makes it less attractive than B4C ballistic plates.

However, if the FS-SiC material does perform better during ballistic trials, FS-SiC

plates might be made thinner than the SiC plates that are used currently, which

would reduce areal density.

Despite the potential of increased performance and reduced costs, other factors

need to be considered in selecting armour: what type of threats might be encountered;

how the plates are attached to the armour system; and how the armour affects other

functions such as structural components, or manoeuvrability.

5.4 Conclusions

The Vickers hardness of most of the SiC samples in this work was shown to be

dependent on density and average grain size up to ∼90% bulk sample density and

∼4 µm, respectively, which corresponded to a hardness of ∼24 GPa. After this,

the dependency of hardness on either property diminished. Atmospheric conditions

were shown to affect the hardness of SiC; the inclusion of C additions in the furnace

tube during sintering increased the Vickers hardness of SiC significantly above that

achieved through conventional sintering of the same powder and SiC in the literature.

The highest hardness achieved was 27.8 GPa ± 0.4 GPa of the sample produced using

the mirror 2 set up. The underlying mechanism that led to this super-hard SiC was
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shown to be independent of density, grain size and polytype concentration but is

suggested to be related to a C concentration threshold in the sintering atmosphere.

APT analysis indicated that the super hard SiC samples had a greater concentration

of B rich clusters than SiC of regular hardness, which are suggested to cause dispersion

hardening in these samples. The exact mechanistic details of how a C rich atmosphere

creates more of these B rich clusters needs further investigation.

A comparative study of specimens sintered using conventional fire 1, fire 2 heating

schedules and an optimised flash sintering schedule indicated that the 3-point flexural

strength and fracture toughness of SiC were largely independent from the tested

heating schedules. It is concluded that flash sintering did not degrade the strength

or the toughness of SiC.

Due to its higher Vickers hardness and similar strength and toughness, once an

optimised flash sintering schedule is established that could create large SiC armour

plates, they may outperform traditional SiC armour plates in a ballistic trial. How-

ever, properties of the former such as the elastic modulus still requires investigation,

and due to intrinsic material characteristics, such as its density, flash sintered SiC

may not be the optimum choice of ceramic ballistic plate in all scenarios.
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Chapter 6

Electrical response of silicon carbide
during flash sintering

This chapter investigates the underlying mechanism that initiates flash sintering in

SiC and discusses the effect of the electric field and current on its microstructure. Pre-

viously, a thermal runaway model has been shown to accurately characterise the elec-

trical and thermal response of oxide ceramics. The same model is applied to electrical

results of SiC during flash sintering to better understand the electrical characteristics

of a non-oxide ceramic during the same process.
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6.1 Results

6.1.1 Electrical response at constant voltage

Figure 6.1: The electrical response of a SiC specimen during a constant voltage (initial
field 30 V cm−1), furnace ramp experiment around runaway. a) voltage, b) resistance,
c) current and d) the power dissipated in the sample (total power including W wires
represented by the dashed line). Sample temperature and other details are given for
all constant voltage tests in Table 6.1

The electrical response from a sample during a typical constant voltage experiment

is shown in Fig. 6.1. Resistance decreased with time and consequently there was an

increase in current flow and the power dissipated within the specimen. The current

increased slowly at first but rose more rapidly as the “flash event”16 was approached,

150



Chapter 6. Electrical response of silicon carbide during flash sintering

i.e. the characteristic electrical signature of flash sintering (∼2790 s, Fig. 6.1). The

furnace temperature at this flash point was 1032 °C ± 2 °C (the critical furnace

temperature, section 3.3). Resistance dropped by a factor of ∼25 compared with

that of the green body immediately prior to the flash event. Once the power reached

the predetermined limit of 400 W, the voltage was moderated by the power supply

to maintain the total power at this level. As a consequence of the reduction in

sample resistance, a greater a proportion of the total power was dissipated in the

wires and hence a drop in power dissipated within the sample was observed during

the isothermal hold period.

Figure 6.2: Power dissipated in specimens against furnace temperature during con-
stant initial electric field experiments, for varying electric field strengths.

Figure 6.2 shows the effect of the electric field strength on power dissipated within

specimens in the constant voltage tests. Lower electric field strengths required higher
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furnace temperatures to initiate flash sintering. The 15 V cm−1 specimens did not

reach the flash event before the maximum furnace temperature of 1500 °C was reached.

All other samples were held at a nominal power limit of 400 W for 5 min.

Electric field strength (V cm−1) Furnace temp at runaway (°C) Sample temp during hold (°C) Density (%)

15 n/a n/a n/a

20 1364 ± 3 2085 ± 26 86.4 ± 0.5

25 1243 ± 2 2075 ± 26 81.5 ± 0.7

30 1032 ± 2 2020 ± 25 78.4 ± 0.7

35 820 ± 3 2010 ± 25 74.3 ± 1.3

40 802 ± 3 2005 ± 25 72.2 ± 0.8

Table 6.1: Furnace temperatures at runaway, sample temperatures during the isother-

mal hold stage and final specimen densities for varying initial electric field strengths

in constant voltage experiments.

Runaway occurred within ∼60 s for field strengths of 35 V cm−1 and 40 V cm−1.

All other specimens displayed a maximum in power (undulation) before the flash

event.

The results in Table 6.1 indicate that the higher furnace temperatures at the flash

event for lower initial electric fields resulted in higher sample temperatures and final

sample densities. The highest density reached in this test series was 86.4% ± 0.5%

by the 20 V cm−1 test with a sample temperature of 2085 °C ± 26 °C.
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6.1.2 Resistivity-temperature relationship

Figure 6.3: a) Specimen shrinkage (black) and sample temperature Ts (red) against
time and b) the corresponding inverse Arrhenius graph of resistivity during an isother-
mal, stepped power test to a power limit of 400 W at a furnace temperature of 1500 °C.
The sample was cooled at the same rate as it was heated. The effects of sample shrink-
age and resistance in the wires were incorporated into the specimen resistivity and
temperature calculations. For clarity, error bars are only included for a small propor-
tion of data points.

Noticeable shrinkage occurs at 180 s in Fig. 6.3a. At this point the specimen tempera-

ture was 1975 °C. Most of the shrinkage occurred before the power was ramped down,

roughly 400 s after the onset of shrinkage. Figure 6.3a indicates that a peak sample

temperature of 2135 °C ± 27 °C was reached and a maximum isotropic shrinkage of

15% was achieved.

Figure 6.3b shows the corresponding inverse Arrhenius plot for resistivity of the

sample during the stepped power test in Fig. 6.3a. The electrical resistivity of the

specimen decreased significantly as it was heated but there was little change during

cooling. During heating, the resistivity of the sample continued to reduce during each

constant power hold stage. Sample resistivity had reduced by a factor of ∼18 by the
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end of the test compared with the specimen at the same temperature before the test.

Figure 6.4: The electrical resistivities of a SiC green body during heating using the
400 W heating schedule (upper branch of results) and cooling at the same rate (lower
branch), the same sample subjected to the same heating schedule again (reflash), and
that of a conventionally pre-sintered sample, subjected to the same heating schedule
with pristine electrodes.

Figure 6.4 compares the results of Fig. 6.3b, those of the resistivity of a green

body during a flash sintering stepped heating experiment, with the results of the

same specimen heated for a second time using the same combination of furnace and

electrical heating, and a dense, conventionally sintered specimen, again subjected to

the same heating cycle. The greenbody specimen was fitted with new electrodes, while

the electrodes attached to the reflashed specimen remained unchanged between this

and the former experiment. The conventionally sintered sample had new electrodes.

All samples except the green body during heating for the first time follow the same
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line regardless of whether the electrodes were new or old or whether the pre-sintering

was by “flash” or conventional heating.

6.1.3 Microstructure along the length of a

flash sintered specimen

Figure 6.5: SEM images of a 550 W flash sintered sample, taken of the centre of the
sample, along its length a), and of its cross section, b).

Figure 6.5a shows SEM images of the central region of a sample that was polished

along its length and 6.5b shows the central region of a polished cross section of a

separate sample that was flash sintered using the same heating schedule. Both images

show randomly orientated, bimodal grain structures; average grain sizes were within

experimental uncertainty of one another (5.6 µm ± 0.5 µm in Fig. 6.5a, and 5.8 µm

± 0.5 µm in Fig. 6.5b).
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6.2 Discussion

6.2.1 Phenomenology of the electrical response: the flash event

at constant voltage

The electrical response of SiC leading up to the flash event at constant voltage as

shown in Figs. 6.1 and 6.2 was qualitatively similar to that of a wide variety of other

ceramics166: a rapid drop in sample resistance occurred with a consequent increase

in current and electrical power dissipation. The reduction of the critical furnace

temperature required for the flash event in SiC with increasing electric field (Fig.

6.2) is also typical behaviour.

The electrical and thermal response of several oxides100,101,104,114,167 during the

flash event shows that it is caused by thermal runaway, in which the reduction of

resistance as the sample temperature increases leads to a greater increase in power

dissipation at constant voltage than can be lost from the sample surface as heat. The

consequence is rapid electrical heating of the sample. The combination of electric

field E and furnace temperature Tf at which runaway will occur is given by100,116:

E2 =
4pϵσρ0R

AQ(Tf +∆Tc)5
exp(

Q

R(Tf +∆Tc)
) (6.1)

in which for ∆Tc « Tf :

∆Tc ≈
RT 2

f

(Q− 5RTf )
(6.2)
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In these equations, p and A are the perimeter and area of the specimen cross-

section between the electrodes, ϵ the emissivity, σ Stefan’s constant, ρ0 the pre-

exponential in the inverse Arrhenius expression for the resistivity as a function of

temperature, R the gas constant, Q the activation energy for electrical resistiv-

ity/conductivity, and ∆Tc the excess temperature of the specimen relative to the

furnace (i.e. Ts − Tf ) at runaway. The equations can be used to predict the criti-

cal electric field for runaway at constant furnace temperature or the critical furnace

temperature at which the flash event occurs during heating with a constant electric

field.

The values of Q and ρ0 for the 15 V cm−1, 35 V cm−1 and the 40 V cm−1 could

not be accurately extracted from the results of Fig. 6.2. The 15 V cm−1 test did not

exhibit runaway, and the electric field strengths of the 35 V cm−1 and the 40 V cm−1

tests caused runaway to occur immediately upon application of the electric field, indi-

cating that the furnace temperature was already higher than the critical temperature.

Hence, a precise critical furnace temperature could not be experimentally determined

for these tests.

For each of the three samples in Fig. 6.2 that did exhibit flash events, the values

of Q and ρ0 were deduced from the inverse Arrhenius plots for resistivity in Fig. 6.6a.

The plots for all three specimens possess two approximately straight sections with a

distinctive undulation in between. The flash event occurred at higher temperatures

than the undulation so the values of Q and ρ0 for each specimen were extracted using

the straight sections immediately to the left of the undulations in Fig. 6.6a and are

given in Table 6.2. The transition in behaviour will be discussed in the next section.
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Figure 6.6: a) Data from the 30 V cm−1, 25 V cm−1 and 20 cm−1 constant initial
electric field tests plotted as ln(ρ) vs T−1

S , where Ts is the specimen temperature
and ρ the resistivity. For clarity, error bars are only shown for representative data
points. b) The predicted and observed critical furnace temperature against electric
field strength.

Electric field strength (V cm−1) Q (kJ mol−1) ρ0 (Ω m)

20 137 1.91 x 10−6

25 127 3.94 x 10−6

30 92 3.74 x 10−5

Table 6.2: Activation energies and pre-exponentials of resistivity for the data of

Figs. 6.2 and 6.6a in the vicinity of the flash event.

Figure 6.6b compares the experimentally observed furnace temperatures at run-

away for each initial electric field E with those predicted by solving Eqns. 6.1 and 6.2

for Tf using the values of Q and ρ0 in Table 6.2 with ϵ = 0.85137 and the measured

values for p and A. The agreement is within experimental uncertainty, demonstrating

that the thermal and electrical characteristics of the “flash event” observed here in
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SiC was consistent with thermal runaway, as in oxide ceramics.

6.2.2 Mechanisms influencing electric conductivity during flash

sintering of SiC

The flash event at constant electric field analysed in the previous section originated

in the NTC behaviour during heating evident in Figs. 6.3b and 6.6b. Most ceramic

powder compacts exhibit NTC behaviour under the flash sintering conditions111. This

can result from (i) the innate NTC behaviour of many ceramics caused by an increas-

ing concentration or mobility of the charge carriers with temperature; (ii) extrinsic

effects of the increase in current with temperature at constant voltage, such as the

increasing component of electronic conductivity observed in YSZ under direct current

as it becomes electrochemically reduced near the cathode168; and iii) the effect of the

early stages of sintering in improving particle-particle contacts116. Electrochemical

reduction is not expected to occur in an electronically conducting, covalently bonded

semiconductor such as SiC, and the symmetrical appearance of the specimens dur-

ing flash sintering suggests that any other effects of the direct current on resistivity

were limited. As shown in Fig. 6.3b, the resistivity of the sintered specimen was

also almost constant during cooling between 2200 °C and 1500 °C, so the underlying

NTC behaviour of the SiC itself is evidently also weak under these conditions. This

temperature-independence of resistivity above 800 °C has also been reported for a

range of α-SiC ceramics by Gnesin et al.63. The same authors also showed that SiC

heating elements had a resistivity that ranged between 10−1 and 10−2 Ohm·m at 1500
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°C, depending on doping levels. Flash sintered SiC in this work had a resistivity of

∼2x10−2 Ohm·m at 1500 °C, Kim et al. show that the resistivity of polycrystalline SiC

at room temperature can range from 10−3 and 1011 Ohm·m61. Given this very wide

range in the possible resistivities of SiC, the slight difference between the resistivity

of SiC in this work and that observed by Gnesin is likely explained by differences

in doping levels between the materials. Racette measured the resistivity of n-type

SiC up to 2000 °C and found its conductivity to be ∼5 S cm−1 at this temperature.

The conductivity of SiC in this work at a similar temperature was ∼6.5 S cm−1 (Fig.

6.3b). As such, the resistivity of SiC in this work is broadly consistent with that

observed in the literature

It is also apparent from Fig. 6.4 that any chemical effect at the electrode/SiC

intersection that might improve electrical contact could not have been responsible for

the fall in resistivity during heating in Fig. 6.3b. This also shows that flash sintering

did not alter/degrade the electrical resistivity of SiC significantly.

Instead, it is suggested that this drop in resistivity must therefore have been

predominantly caused by mechanisms associated with the sintering of the powder

compact. This is demonstrated by the large difference in resistivity at Ts ∼ 1600 °C

in the heating and cooling parts of the cycle, and by the continuously decreasing re-

sistivity at approximately constant specimen temperature during the constant power

periods of the stepped profile used in the heating portion of the cycle, where the

specimen temperature would have been constant. The difference in resistivity before

and after sintering in Fig. 6.3b corresponds to a factor of ∼18. This is of the same

order as the resistivity change measured before and after the flash sintering 3YSZ116
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and is considered to be primarily the consequence of the improvement in the quality

and area of connection between grains as sintering progresses. This conclusion was

also reached after investigation into thermal runaway-driven flash events in WC and

AA5083 aluminium alloy. Both of these materials exhibit PTC electrical behaviour

but their powder compacts initially exhibit NTC behaviour on the application of

an electric field owing to the removal of oxides or other resistive contaminants from

between the particles and the increase in contact area between the particles17,169,170.

Additionally, a contribution to the change in conductivity during sintering from

the diffusion of the B sintering aid - an acceptor dopant - into the grains during sin-

tering cannot be completely ruled out. Due to the N2 doping from the atmosphere

during the Acheson process171 it is expected that the powder used in this work was

an n-type semiconductor. The B could be expected to counteract this70,172 and ini-

tially increase the resistivity. However, the relevant diffusion coefficients173 suggest

that the B could only have diffused to the centre of the grains once the highest tem-

peratures had been reached. Furthermore, even when holes become the dominant

charge carriers, B additions are associated with an increase in the high temperature

resistivity63,174. Given the strong reduction of resistivity during sintering shown in

Fig. 6.3b, it is concluded that any such effect of B is outweighed by the resistivity

reduction caused by sintering.

The variation of the values of activation energy Q in Table 6.2 is a consequence of

indirect factors such as geometry, chemistry, and thermal history; factors that have

no reason to obey an Arrhenius relationship. These are apparent activation energies,

not indicative of a particular transport mechanism and there is therefore no reason
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for them to be constant. The straightness of the lines in Fig. 6.6a to the left of the

undulations is therefore coincidental.

The undulations in Fig. 6.3a correspond to the transient peaks in power seen

before the corresponding flash events in Fig. 6.2. These are suggested to be a conse-

quence of the C sintering additives removing the layer of SiO2 present on the surface

of the SiC powder particles. Estimated sample temperatures during this period were

similar for all electric fields, at 1200 °C - 1300 °C. The carbothermal173 reduction of

SiO2 by C has been shown to take place in this temperature range154,175. It is sug-

gested that the removal of the electrically insulating SiO2 on the surfaces of the SiC

grains initially increased the conductivity of the specimen. Eventually, the conductive

free C was used up by the reaction with the SiO2 and the specimen conductivity fell

again, producing the peaks in Fig. 6.2. It is evident from Fig. 6.3a that the apparent

activation energies are different before and after the undulation in each case, which is

consistent with the proposed change in the chemistry of the conductive path through

the specimen.

6.2.3 The role of the current and electric field during flash

sintering

As discussed above and in Chapters 4 and 5, it is suggested that the current predom-

inantly acts as a heat source during the flash sintering of SiC. The similarity between

the microstructures of randomly orientated grains in Figs. 6.5a and 6.5b shows no

sign of grain orientation along the direction in which the current flowed: the current
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has not had an anisotropic effect on the microstructure of SiC.

As discussed in section 2.4.2.2, there are authors that suggest that the electric field

applied over samples during flash sintering increases the densification rate over that

observed during conventional, pressureless sintering18,136. They argue that the field

is necessary to initiate an avalanche of point defects in the crystal structure. Todd

et al. show that the rapid densification of 3YSZ observed in flash sintering is equally

possible using heating techniques that do not apply an electric field over the sample

during sintering100. Figure 4.35 shows that despite similar times spent at sintering

temperatures, conventional heating (fire 2) of SiC produced a denser material than

that produced through flash sintering (550 W schedule). Additionally, Stobierski and

Gubernat were able to sinter SiC green bodies with similar composition to those in

this work to 92% dense in ∼40 s at 2150 °C41. With the same nominal temperature,

it took ∼240 s for the flash sintered specimen in this work to reach a similar density.

These observations demonstrate that the electric field does not play a dominant role

in the densification rate during flash sintering. Additionally, evidence from each

chapter in this thesis, such as the similarities between the microstructures, electrical

resistivity of dense samples and the mechanical properties between most flash and

conventionally sintered SiC specimens, strongly suggests that the current need only

be regarded as a heat source and there is no need to account for any additional effects

introduced by it.
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6.2.4 Conclusions

The flash event in a non-oxide ceramic was shown to be phenomenologically similar

to that found in oxide ceramics. It is characterised by a rapid rise in sample temper-

ature followed by densification and accompanied by a decrease in sample resistivity,

occurring under constant voltage conditions. This behaviour was shown to be consis-

tent with thermal runaway, driven by the NTC characteristic of the resistivity during

heating. A thermal runaway model accurately predicted the conditions for the flash

event in SiC. In contrast to oxide ceramics, however, the underlying electrical resis-

tivity of the SiC had a weak temperature dependence in the temperature range of

interest. The origin of the NTC behaviour and the thermal runaway was found to be

the early stages of sintering, in which improved connectivity between the powder par-

ticles led to a reduction in resistivity. No evidence of grain orientation along the axis

of current flow was observed in the microstructure of flash sintered SiC. Throughout

the investigation of this thesis, the current has had no discernible effect on SiC other

than that of a heat source.
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Conclusions

7.1 Densification and microstructure

An experimental apparatus was developed that allowed BC-SiC bar shaped speci-

mens to be flash sintered to 96% density in 16 min in an alumina tube furnace at

1500 °C. Compared with samples of similar density that were conventionally sin-

tered using the powder’s recommended sintering schedule, the production time of

the flash sintered samples was reduced by more than 6 h and with a furnace tem-

perature lower by 700 °C. An optimised flash sintering methodology was found from

systematically testing the effect that the following flash sintering parameters had

on sample microstructure: power limit, power ramp rate, furnace temperature, hold

time, sintering atmosphere (gas type and C additions in the furnace tube), thermal

insulations and sample thickness. Higher power limits, higher furnace temperatures,

slower power ramp rates, and longer hold times all increased sample density and the

average grain size of specimens. For constant specific power, increasing the thickness

of samples decreased their density and average grain size. Two of the investigated

sintering atmospheres were found to affect sample microstructure and density. RGAr
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and He atmospheres were shown to be similarly inert. Nitrogen reduced density and

stabilised the 3C polytype; the cubic phase resulted in elongated grains that restricted

densification. An atmosphere of Ar +5% H2 reduced density and retarded the grain

growth of the sample. The drop in density was caused by the active oxidation on

the surface of the sample, but the cause of the limited grain growth requires further

investigation. In all samples, larger grains were associated with an increase in the 4H

SiC polytype concentration in that sample.

Carbon additions in the furnace were shown to have a significant impact on the

densification and microstructure of SiC. Increasing the amount of C in the furnace

tube during sintering decreased the average grain size and increased the density of the

sample. It was suggested that these additions resulted in precipitation of graphite on

the sample’s surface and lowered partial oxygen pressures, which indirectly reduced

the amount of C lost from the sample during heating. More C in the sample then

reduced the amount of liquid phase during sintering and hence retarded grain growth.

None of the tested insulations (C foil or felt wrapped around the specimen and

mirrors placed around the sample) increased sample density and all resulted in abnor-

mal grain growth in these specimens. It was hypothesised that the increase in sample

temperature caused by the insulations created more liquid phase during sintering,

which led to the observed abnormal grain growth in these samples. The low densities

of these specimens were suggested to be a consequence of the overly reducing atmo-

sphere and the resultant active oxidation of the SiC that was caused by the proximity

of the C insulations to the sample.

Out of the tested parameters, an optimum flash sintering profile for bar shaped
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specimens with typical dimensions 22 mm × 6 mm × 2 mm was identified as: a heating

schedule with a maximum power of 550 W, at furnace temperature of 1500°C, and

in a He sintering atmosphere with C discs and foil placed within the furnace. This

produced samples with a small average grain size and high density.

It was shown that flash sintering did not cause faster densification than that

achieved through conventional heating. Additionally, there was no microstructural

evidence to suggest that novel sintering mechanisms arose due to the application of

an electric field during sintering. Densification was achieved through liquid phase

sintering, which was expected of B,C sintering aids from the literature. This part

of the research has shown that high density SiC bars can be produced through flash

sintering (up to 96% relative density). However, scaling the process up to create disc

shaped specimens remains challenging and no density greater than 65% was achieved

in this work for such specimens. A power supply able to supply greater currents than

those accessible in this work is required to dissipate the heat necessary to flash sinter

large SiC samples to high densities.

7.2 Mechanical properties of flash sintered SiC

The Vickers hardness of most of the SiC samples in this work was shown to be

dependent on density and average grain size up to ∼90% bulk sample density and

∼4 µm, respectively. However, for low densities, it was assumed that density is the

dominant influence on hardness. Samples that reached 90% bulk density typically had

a hardness of ∼24 GPa. SEM images showed that the centres of these samples were
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almost entirely dense. After this density threshold of 90%, the dependency of hardness

on it diminished. Atmospheric conditions were shown to affect the hardness of SiC;

the inclusion of C additions in the furnace tube during sintering significantly increased

the Vickers hardness of SiC above those achieved through conventional sintering of

the same powder (in this work and in the literature). The highest hardness achieved

of all tests was 27.8 GPa ± 0.4 GPa of the sample produced using a mirror set up that

placed polished mirrors around the sample that were balanced on alumina discs. The

underlying mechanism that led to this super-hard SiC was shown to be independent

of density, grain size and polytype concentration but is suggested to be related to a

C concentration threshold in the sintering atmosphere. APT analysis indicated that

the super-hard SiC samples had a greater concentration of B rich clusters than SiC of

regular hardness, which are suggested to cause dispersion hardening in these samples.

A comparative study of specimens sintered using slow and fast conventional heat-

ing schedules (fire 1, fire 2, respectively) and the optimised flash sintering heating

schedule indicated that the 3-point flexural strength and fracture toughness of SiC

were largely independent from the tested heating schedules. It is concluded that flash

sintering did not degrade the strength or the toughness of SiC. Due to its higher

Vickers hardness and similar strength and toughness values, if flash sintered SiC was

successfully scaled up, the material may outperform traditional SiC armour plates in

ballistic trials. However, properties of the former, such as the elastic modulus, still

requires investigation and due to intrinsic material characteristics, such as its density,

flash sintered SiC may not be the optimum choice of ceramic ballistic plate in all

scenarios.
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7.3 Electrical properties of SiC during flash sintering

The flash event in a non-oxide ceramic under constant voltage conditions was shown

to be phenomenologically similar to that found in oxide ceramics. It is characterised

by a rapid rise in sample temperature followed by densification and accompanied by

a decrease in sample resistivity. This behaviour was shown to be consistent with

thermal runaway, driven by the NTC characteristic of the resistivity during heating.

A thermal runaway model accurately predicted the conditions for the flash event in

SiC. In contrast to most oxide ceramics, however, the underlying electrical resistivity

of the SiC had a weak temperature dependence in the temperature range of interest.

The origin of the NTC behaviour and the thermal runaway was found to be the early

stages of sintering, in which improved connectivity between the powder particles led

to a reduction in resistivity.

No evidence of grain orientation along the axis of current flow was observed in the

microstructure of flash sintered SiC. Throughout the investigation of this thesis, the

current has had no discernible effect on SiC other than that of a heat source.

169



Chapter 8

Future work

These investigations have created further research opportunities in the following areas:

• Regarding flash sintering’s utility as a manufacturing technique, the process will

need to demonstrate that it can produce larger samples than the bar shaped

specimens made in this work. The next step would be sourcing a power supply

capable of supplying a higher current than that used in this investigation; high

voltages (>100 V) would not be required. Larger samples would then allow

direct comparison of ballistic performance between conventional SiC armour

and the super-hard SiC produced in this work.

• Further investigation is needed into whether the reducing atmosphere created

by the Ar + 5% H2 gas can produce similar effects on sample microstructure

and Vickers hardness to C in the sintering atmosphere. Investigate an Ar + H

gas with smaller proportions of hydrogen.

• If flash sintering SiC from room temperature is to be investigated, electrical

heating will be applied to the sample at a furnace temperature lower than

the temperature at which carbothermal reduction of SiO2 takes place (1200 °C
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- 1300 °C). Samples in this instance may contain sufficient O to affect the

sintering mechanisms and additional free C in the powder might be required

to mitigate this. How the O content and the rapid heating of flash sintering

affects the sintering mechanisms of SiC might be investigated by flash sintering

SiC powders of varying O purities.”

• APT has indicated that there was a greater concentration of B clusters in super-

hard SiC than conventionally sintered SiC, but work is required to understand

how a C rich atmosphere might have led to this. APT analysis on samples of

normal and super-hard SiC that were produced using the same 550 W heating

schedule might provide insight. It may be interesting to test whether there

is a difference in B concentration at grain boundaries, or a greater degree of

clustering in SiC sintered with different C atmospheres. Future work might also

use APT to investigate SiC samples flash sintered to different densities, and

samples flash sintered for longer. These results may show the evolution of the B

cluster formation during flash sintering, potentially showing a greater number

of the clusters in the newly formed grain volume, compared to the B content in

the central part of the original grains. Additionally, it should be investigated

whether a reducing atmosphere (Ar + H2) could create samples that exhibit a

similar increase in hardness to those made with a carbon rich atmosphere. If

this is the case, using different mixes of a reducing gas might allow a more robust

measurement and characterisation of how the atmosphere affects the viscosity

of the B liquid phase during sintering.”
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• To show that sintering did initiate the flash event, it would be useful to image

the samples using SEM just before runaway occurs, to see whether necking had

started between SiC particles.

• The junction between SiC and the tungsten electrodes will likely form a Schottky

barrier110 and cause the Peltier effect176 and asymmetrical heating of the sample

near the electrodes. There was no visible difference in camera recordings, but

SEM investigation near the electrodes would show any localised effects.

• Hallam et al. showed that there was no correlation between Vickers hardness

and ballistic performance, but that there was for Knoop hardness6. It may

be prudent to characterise the hardness of flash sintered SiC using the Knoop

indentation technique.

• TEM analysis near the Vickers indents might allow for direct imaging of dislo-

cation bowing around nanoparticles, which would provide substantive evidence

that the clusters were the cause of the super-hard SiC.

• According to Stobierski and Gubernat, more B creates more liquid phase during

the sintering of SiC, which can lead to abnormal grain growth41. However, if

C in the atmosphere solidifies the phase or C can affect the solubility of B in

SiC, it may be possible to increase the amount of B clusters or size of the B

clusters above those found in the super hard SiC in this work and lead to an

even harder material.

• Although the low densities of the SiC disc shaped specimens would not be appro-
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priate for armour applications, porous SiC does have uses in high temperature

filtration systems. It may be possible to use flash sintering to create low cost

and low density materials for this purpose.
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Supplementary information

Powder characteristic Value

SiC polytypes Alpha
Specific surface area 15 m2 kg−1

d50 115 nm
Morphology Spray dried granules (∼60 µm)

Impurities
O 5.00wt.% max.
Fe 0.05wt.% max.
Al 0.04wt.% max.
Ca 0.01wt.% max.

Sintering aids
B 0.45wt.% max.
C 3.25wt.% max.

Binder PEG + PVA
Green density 1.80 – 1.90 g cm−3

Sintered density 3.13 – 3.18 g cm−3

Table A.1: Properties of the SiC premix powder.
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Investigation Sample name Ramp rate Hold period Furnace additions

Power limit 300 W 100 W min−1 to 300 W 5 min at 300 W None
No ramp down

350 W 100 W min−1 to 350 W 5 min at 350 W None
No ramp down

400 W 100 W min−1 to 400 W 5 min at 400 W None
No ramp down

450 W 100 W min−1 to 400 W 5 min at 400 W None
No ramp down 5 min at 450 W

500 W 100 W min−1 to 400 W 5 min at 400 W None
No ramp down 5 min at 450 W

5 min at 550 W
550 W 100 W min−1 to 400 W 5 min at 400 W None

No ramp down 5 min at 450 W
5 min at 500 W
1 min at 550 W

Ramp rate 100 W min−1 100 W min−1 to 400 W 5 min at 400 W None
100 W min−1 ramp down

50 W min−1 100 W min−1 to 400 W 5 min at 400 W None
No ramp down

No ramp No ramp to 400 W 5 min at 400 W None
No ramp down

No ramp LH No ramp to 400 W 12 min at 400 W None
No ramp down

Hold time 0.5 min 100 W min−1 to 400 W 0.5 min at 400 W None
No ramp down

5 min 100 W min−1 to 400 W 5 min at 400 W None
No ramp down

15 min 100 W min−1 to 400 W 15 min at 400 W None
No ramp down

30 min 100 W min−1 to 400 W 30 min at 400 W None
No ramp down

Furnace 1200 ◦C ∼100 W min−1 to 460 W 5 min at 460 W None
temperature No ramp down

1350 ◦C ∼100 W min−1 to 430 W 5 min at 430 W None
No ramp down

1500 ◦C ∼100 W min−1 to 400 W 5 min at 400 W None
No ramp down

Sample Thickness x1.0 100 W min−1 to 400 W 5 min at 400 W None
thickness 100 W min−1 to 0 W

Thickness x1.5 ∼100 W min−1 to 460 W 5 min at ∼460 W None
∼100 W min−1 to 0 W

Thickness x2.0 ∼100 W min−1 to 510 W 5 min at ∼510 W None
∼100 W min−1 to 0 W

Table A.2: Matrix of flash sintering parameters.
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Investigation Sample name Ramp rate Hold period Furnace additions

Insulation Mirrors 100 W min−1 to 400 W 5 min at 400 W C discs
(Mirrors 2) No ramp down 5 min at 450 W mirrors

5 min at 500 W
1 min at 550 W

C felt 100 W min−1 to 400 W 5 min at 400 W C felt
No ramp down 5 min at 450 W wrap

5 min at 500 W
1 min at 550 W

C foil 100 W min−1 to 400 W 5 min at 400 W C foil
No ramp down 5 min at 450 W cylinder

5 min at 500 W
1 min at 550 W

Mirror Mirrors 1 100 W min−1 to 400 W 5 min at 400 W C foil
constituent No ramp down 5 min at 450 W Al2O3 discs

tests 5 min at 500 W mirrors
1 min at 550 W

Mirrors 2 100 W min−1 to 400 W 5 min at 400 W C discs
No ramp down 5 min at 450 W mirrors

5 min at 500 W
1 min at 550 W

Mirrors 3 100 W min−1 to 400 W 5 min at 400 W C foil
No ramp down 5 min at 450 W C discs

5 min at 500 W mirrors
1 min at 550 W

Carbon 400 W C foil 100 W min−1 to 400 W 5 min at 400 W C foil
additions No ramp down

400 W C discs 100 W min−1 to 400 W 5 min at 400 W C discs
No ramp down

550 W C foil 100 W min−1 to 400 W 5 min at 400 W C foil
No ramp down 5 min at 450 W

5 min at 500 W
1 min at 550 W

550 W C discs 100 W min−1 to 400 W 5 min at 400 W C discs
No ramp down 5 min at 450 W mirrors

5 min at 500 W
1 min at 550 W

550 W C discs 100 W min−1 to 400 W 5 min at 400 W C foil
+ C foil No ramp down 5 min at 450 W C discs

5 min at 500 W
1 min at 550 W

550 W C discs 100 W min−1 to 400 W 5 min at 400 W C foil
+ C foil No ramp down 5 min at 450 W C discs

+ mirrors 5 min at 500 W mirrors
1 min at 550 W

Table A.3: Matrix of flash sintering parameters continued.
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Investigation Sample name Ramp rate Hold period Furnace additions

Gas He 100 W min−1 to 400 W 0.5 min at 400 W None
type No ramp down

N2 100 W min−1 to 400 W 5 min at 400 W None
No ramp down

Ar + H2 100 W min−1 to 400 W 15 min at 400 W None
No ramp down

Conventional Fire 1 5 min h−1 to 2150 ◦C 2 h at 2150 ◦C None
sintering 5 min h−1 to RT

Fire 2 16 min h−1 to 2150 ◦C 5 min at 2150 ◦C None
16 min h−1 to RT

Table A.4: Matrix of flash sintering parameters continued.

Analysis Temperature Pulse frequency Detection rate Laser energy
(K) (Hz) (%) (pJ)

Laser energy 50 200 0.5 30, 40, 50, 100
Laser vs Voltage 50 200 0.5 30

Reflection 50 200 0.5 30
Tip blunting 50 200 0.5 30

Laser proximity 50 200 0.5 30
Sample size 50 200 0.5 30

Table A.5: APT operating conditions for SiC analyses.
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