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a b s t r a c t 

The application of an electric field over a ceramic powder compact at elevated temperatures gives rise 

to “flash sintering”. The phenomenon occurs at a critical combination of field and temperature, which 

leads to a rapid increase in the electric power dissipated within the sample. This results in sample den- 

sification in far shorter timescales than those required with conventional sintering. This paper reports 

the first successful pressureless flash sintering of SiC with B and C sintering aids. Mean relative densities 

of up to 94.4% have been achieved in several minutes using an alumina tube furnace at 1500 °C. The 

sample temperature during flash sintering was similar to those used for conventional sintering of SiC 

(210 0–220 0 °C). The electrical response of SiC during the flash event was consistent with thermal run- 

away. However, the negative temperature coefficient of resistivity responsible for the runaway originated 

primarily from the effects of sintering, in contrast to the case with oxide ceramics. The rapid sintering 

was attributed to the rapid heating and the formation of a liquid phase. The densest specimen had a 

grain size of 5.9 μm ± 0.5 μm and a Vickers hardness (HV5) of 24.7 GPa ± 0.5 GPa. These values were 

similar to those of conventionally sintered specimens of the same powder but the production time of the 

flash sintered samples was reduced by more than 6 h and with a furnace temperature lower by 700 °C. 

© 2022 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Flash sintering involves the heating of a powder compact whilst 

assing an electric current through it. Under investigation since it 

as reported in 2010 [1] , it has now been successfully used to 

ensify a wide range of ceramics [2–8] . The process is initiated by 

reheating specimens in a furnace and subjecting them to electric 

eld strengths of 10–10 0 0 V cm 

−1 . The preheating temperature is 

ower than conventional sintering temperatures and acts to reduce 

ample resistance, allowing electric current to flow. This causes re- 

istive heating and a further rapid drop in sample resistance due 

o the negative temperature coefficient of resistance (NTC) charac- 

eristic of most ceramics. At constant voltage, this leads to ther- 

al runaway, often termed the “flash event” [6] , and this is sub- 

equently controlled by limiting the current or power supplied to 

he sample. Sintering occurs during the process, usually at simi- 

ar sample temperatures to those used in conventional heating but 

ensification is achieved in a few seconds. 
∗ Corresponding author. 

E-mail address: richard.todd@materials.ox.ac.uk (R.I. Todd) . 
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To date, the bulk of research on flash sintering has been con- 

ucted on oxide ceramics but the benefits of high speed and low 

urnace temperatures make flash sintering an attractive manufac- 

uring method for non-oxide ceramics as well. These covalently 

onded materials have important structural and functional uses 

ncluding wear resistant and armour applications or as semicon- 

uctor power devices. However, production costs are typically very 

igh due to the elevated temperatures and long densification times 

ssociated with traditional sintering techniques. Pressureless flash 

intering of SiC using liquid phase, oxide sintering aids shows 

romise but the highest density achieved to date is 88% [ 6 , 9 ]. Low

elting point sintering aids also compromise the high temperature 

roperties of the SiC produced. 

Higher densities have been achieved using B and C as sintering 

ids by flash spark plasma sintering (FSPS) [ 10 , 11 ]. However, spec- 

mens had to be pre-sintered by conventional SPS to give them 

ufficient strength to withstand the FSPS process and the atten- 

ant use of pressure requires expensive equipment and currently 

estricts the components produced to simple shapes such as plates 

 10 , 11 ]. FSPS has also been used to sinter ZrB 2 [12] . High flash

intered densities have also been achieved in WC without pre- 

intering by applying a modest pressure (4 MPa) with the aid 
. This is an open access article under the CC BY license 
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Fig. 1. Electrical power schedules in isothermal tests. 
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f a non-conducting die [ 7 , 13 ]. Flash sintering of B 4 C has been

ttempted, but sintering was only observed within localised hot 

pots and the bulk sample density did not increase from that of 

he green body [14] . 

The aim of the research reported in this paper was to achieve 

igh densities by flash sintering of a non-oxide without the use 

f pressure for the first time. SiC with B and C sintering aids was

sed for good post-sintering temperature resistance. The novel ap- 

aratus and flash sintering methodology required for the success- 

ul manufacture of SiC through pressureless flash sintering is de- 

cribed. The flash sintering characteristics are compared with re- 

ults from other materials reported in the literature. 

. Materials and methods 

.1. Sample preparation 

All samples were made from H.C. Starck Starceram SQ pre- 

ix, consisting of UF-15 α-SiC (d 50 ∼ 0.75 μm), sintering additives 

2.5–3.5 wt% C, 0.5 wt% B), binder (PEG/PVA), supplied as spray 

ried ∼ 60 μm granules. The powder was uniaxially pressed into 

ars and cold isostatically pressed at 200 MPa. The green bodies 

ad relative densities of ∼60%. Typical dimensions of the volume 

f the green body between the flash sintering electrodes were: 

2 × 6 × 2 mm. 

.2. Flash sintering apparatus 

A modified alumina tube furnace with a windowed end pro- 

ided the pre-heating to the samples. Holes were drilled at both 

nds of the sample, which were then threaded onto tungsten wires 

ounted on a removable flash sintering rig (Fig. S1 in Supplemen- 

ary Material). Both ends of the sample and the areas of the sample 

irectly around the electrodes were coated in PELCO© High Tem- 

erature Carbon Paste to reduce contact resistance. The whole rig 

as then sealed in the tube furnace. The current carrying wires 

rotruded through one of the furnace end seals and were con- 

ected to the DC power supply (EA PS9750-60A-3W) for flash sin- 

ering. Data were recorded via a LabView script. 

.3. Flash sintering process 

The furnace heating rate used in all experiments was 300 °C/h. 

o carbonise the binder, samples were first subjected to an isother- 

al hold at 800 °C in flowing N 2 (0.7 L/min) for 1 h before the

urnace ramp continued to a designated furnace temperature. To 

nsure an inert sintering atmosphere, the gas supply was switched 

rom N 2 to He 30 min before the electric field was applied across 

he sample (same flow rate). He suppressed the plasma formation 

pon application of the electric field, which occurred in some con- 

itions when N 2 or Ar was used. 

The electrical schedules investigated are split into two groups: 

onstant voltage-constant power experiments with an increasing 

urnace temperature ramp (referred to below simply as constant 

oltage tests for brevity), and isothermal furnace temperature tests 

ith a stepped power ramp (referred to as isothermal tests below). 

During the former experiments, a constant voltage was initially 

pplied across the sample in a furnace with gradually increasing 

emperature. Once the critical temperature was reached and run- 

way occurred, as described in Section 3.1 , the furnace tempera- 

ure was held constant. When the electrical power reached 400 W 

n these experiments, the power was maintained at this level. For 

onsistency, the furnace temperature at which the power supply 

witched from voltage to power control was defined as the critical 

urnace temperature. 
2 
The isothermal experiments used a constant furnace temper- 

ture and the power was increased in a stepwise manner to 

he maximum power limit specific to that test. Fig. 1 shows a 

chematic of the power schedules investigated in this work. The 

aximum power limits investigated were 300 W, 350 W, 400 W, 

50 W, 500 W and 550 W. The 300 W, 350 W and 400 W experi-

ents all had an average ramp rate of 100 W/min and an isother- 

al power hold of 5 min. With this ramp rate and a furnace tem- 

erature of 1500 °C, the sample fractured above a power limit of 

00 W. However, it was possible to extend the maximum limit to 

50 W by reducing the electrical heating rate further. After 400 W, 

he rate was dropped to 10 W/min and ramped up to a maximum 

f 550 W for 1 min. 

The effects of furnace temperature and hold time at the max- 

mum power limit were investigated through variations of the 

tepped power heating schedules. For all these tests, an average 

ower ramp of 100 W/min was used up to the maximum power 

imit. Maximum power limits of 460 W, 430 W and 400 W were 

sed when investigating furnace temperatures of 1200 °C, 1350 °C 

nd 1500 °C, respectively, to maintain similar sample temperatures 

etween all tests. A hold time of 5 min at these power limits was 

sed for all such experiments. Additional hold times were inves- 

igated (0.5, 5, 15 and 30 min) using a furnace temperature of 

500 °C and maximum power limit of 400 W. 

.4. Sample temperature estimation 

The sample surface temperature was estimated using the black 

ody radiation model [15] . The SiC emissivity was taken as 0.85 

16] . 

For the currents used in this investigation, a significant propor- 

ion of the electrical power was dissipated in the tungsten wires. 

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

he relevant currents and subtracted from the total power in the 

ystem to deduce the power dissipated in the specimen. Shrinkage 

as measured from video recordings. Both factors were accounted 

or when calculating sample temperatures and other quantities af- 

ected by them. 

.5. Conventional sintering 

For comparison, conventionally sintered samples were produced 

ased on the powder manufacturer’s recommended sintering spec- 

fications. After the initial carbonisation described in Section 2.3 , 

pecimens were transferred to a graphite crucible and heated in Ar 

ith a 300 °C/hr ramp to 2200 °C for a 2 h hold before ramping
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Fig. 2. 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 1 . 
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own at the same rate. This temperature was chosen to be simi- 

ar to the optimum temperature found for flash sintering. The sin- 

ering schedule is also within the powder manufacturer’s recom- 

ended conditions of 2150 °C ± 50 °C with a 1–3 h dwell. 

.6. Specimen characterisation 

The sample ends were removed and the resulting cuboids were 

ectioned on the plane midway between the electrodes. For each 

pecimen half, a total of six density measurements were made us- 

ng the Archimedes method, according to ASTM C380 -00 (2011). 

ll densities are relative to the theoretical density (TD) of SiC: 

.21 g/cm 

3 . The central cross sections were polished with diamond 

uspensions down to 1 μm and finished with colloidal silica. Spec- 

mens were then chemically etched in Murakami’s reagent (3 g 

otassium hydroxide, 30 g potassium ferricyanide and 60 g water) 

t 90 °C for 45 min. 

Three equally spaced Vickers hardness indentations were made 

ear the centre of the samples using a 5 kgf load. The samples 

ere reground sufficiently to remove the first row of indents, pol- 

shed and indents were made a second time for a total of six in-

ents per specimen. 

The microstructure was analysed and characterised using a 

eiss Merlin scanning electron microscope (SEM). Grain size esti- 

ations were made through the linear intercept method (using a 

ultiplier of 1.56), using a minimum of 300 intercepts for each 

stimation. X-ray diffraction patterns (XRD) were collected using a 

igaku Miniflex Cu K α diffractometer operated at 40 kV and 15 mA 

0.01 ° step, 6 s step 

−1 ). 

The standard errors associated with density, grain size and 

ardness measurements were estimated from statistical distribu- 

ions. Those associated with sample temperature, resistivity and 

ritical field strength were estimated from the systematic and sta- 

istical errors associated with the electrical measurements, furnace 
3 
emperatures, shrinkage from video recordings and the uncertainty 

n emissivity. 

. Results 

.1. Electrical response at constant voltage 

Fig. 2 shows the electrical response from a sample during 

 constant voltage experiment with an initial electric field of 

0 V cm 

−1 . Resistance decreased with time and consequently 

he current and therefore the dissipated power increased, slowly 

t first but increasing rapidly as the “flash event” [6] was ap- 

roached, i.e. the hallmark electrical signature of flash sintering 

 ∼2790 s, Fig. 2 ). The furnace temperature at this flash point was

032 °C ± 2 °C. Resistance dropped by a factor of ∼25 compared 

ith that of the green body immediately prior to the flash event. 

nce the power reached the predetermined limit of 400 W, the 

ower supply moderated the voltage to maintain the total power 

t this level. The fall in sample power after the switch to power 

ontrol in Fig. 2 d is a consequence of the reduction in sample re- 

istance, which leads to a higher proportion of the total power be- 

ng dissipated in the wires. 

Fig. 3 shows the effect of the electric field strength on power 

issipated within specimens in the constant voltage tests. Lower 

lectric field strengths required higher furnace temperatures to ini- 

iate flash sintering. The 15 V cm 

−1 specimens did not reach the 

ash event before the maximum furnace temperature of 1500 °C 

as reached. All other samples were held at a nominal power limit 

f 400 W for 5 min. Runaway occurred within ∼60 s for field 

trengths of 35 V cm 

−1 and 40 V cm 

−1 . All other specimens dis- 

layed a maximum in power ("undulation") before the flash event. 

his is discussed in Section 4.2 . 

The results in Table 1 indicate that the higher furnace temper- 

tures at the flash event for lower initial electric fields resulted in 
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Table 1 

Furnace temperatures at runaway, sample temperatures during the isothermal hold stage and final specimen densities 

for varying initial electric field strengths in constant voltage experiments. 

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 

Fig. 3. Power dissipated in specimens against furnace temperature during constant 

initial electric field experiments, for varying electric field strengths. 
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igher sample temperatures and final sample densities. The high- 

st density reached in this test series was 86.4% ± 0.5% by the 

0 V cm 

−1 test with a sample temperature of 2085 °C ± 26 °C. 

.2. Visual observations in situ 

Fig. S2 shows an image taken during an isothermal 400 W flash 

intering experiment at a furnace temperature of 1500 °C. As with 

ash sintering of oxides, the ends of the specimen beyond the 

lectrodes were much cooler than the electrically heated portion 

hrough which the majority of the current flowed, and the edges 

f the specimen were at a slightly lower temperature than the 

entreline. The heating was symmetrical with respect to the elec- 

rodes. In this case, the sample temperature was estimated to be 

2135 °C ± 27 °C based on the assumption of uniform surface 

emperature inherent in the black body model, and 90.3% ± 1.0% 

ensity was attained over a 5 min hold time. A video of this ex- 

eriment is included in the Supplementary Material. 

.3. Effect of flash sintering conditions in isothermal test results 

Fig. 4 shows how relative density varied with hold time and 

urnace temperature. The power followed the 400 W stepped heat- 

ng schedule ( Fig. 1 ). Longer sintering durations increased the den- 

ity ( Fig. 4 a), although the effect of longer hold times reduced 

s higher densities were reached. The lowest recorded density 

as 84.8% ± 1.1% for a hold time of 0.5 min, which increased to 

3.9% ± 0.6% for a 30 min hold time. 

All samples in the furnace temperature tests ( Fig. 4 b) had simi- 

ar sample temperatures ( ∼2135 °C). Despite this, Fig. 4 b indicates 

hat sample density increased with furnace temperature, from 

5.1% ± 1.2% at a furnace temperature of 1200 °C to 90.3% ± 1.0% 

t 1500 °C. 
4

Fig. 5 shows the effect of maximum electrical power and result- 

ng sample temperature on sample density for the power schedules 

n Fig. 1 . Increasing the maximum power from 300 W to 400 W 

ncreased the relative density from 81.9% ± 0.6% to 90.3% ± 0.9%. 

ncreasing sample temperatures beyond this power limit resulted 

n higher densities still, up to a maximum of 94.3% ± 0.4% with 

 specimen temperature of 2205 °C ± 28 °C. Exceeding 550 W or 

olding this limit for longer than 1 min resulted in sample frac- 

ure. 

.4. Resistivity-temperature relationship 

From Fig. 6 a, noticeable shrinkage begins at 180 s, at which 

oint the specimen temperature is ∼1975 °C. The majority of the 

hrinkage occurred before the power was ramped down, roughly 

00 s after the onset of shrinkage. Fig. 6 a indicates that a peak 

ample temperature of 2135 °C ± 27 °C was reached and a maxi- 

um isotropic shrinkage of 15% was achieved. 

Fig. 6 b shows the inverse Arrhenius plot for resistivity corre- 

ponding to the stepped power test in Fig. 6 a. The electrical resis- 

ivity of the specimen decreased significantly as it was heated but 

here was little change during cooling. During heating, the resistiv- 

ty of the sample continued to reduce during each constant power 

old stage. Sample resistivity had reduced by a factor of ∼18 by 

he end of the test compared with the specimen at the same tem- 

erature before the test. 

.5. Microstructure and hardness 

The microstructure of a 94.4% ± 0.3% dense flash sintered SiC 

pecimen is shown in Fig. 7 . The micrographs show a mixture of 

quiaxed and elongated grains in the centre of the sample but 

ne and equiaxed grains at the edge. The central microstructure 

s markedly lower in porosity than the edge and has a larger grain 

ize (5.9 μm ± 0.5 μm versus 1.8 μm ± 0.1 μm). The 2 mm length 

f the 6 × 2 mm cross section is denoted as the edge. 

The hardness values of a 550 W isothermally flash sintered SiC 

pecimen and SiC prepared by conventional sintering are shown in 

able 2 , along with density and average grain sizes from the centre 

f the cross sections. The grain size of the flash sintered specimen 

as slightly smaller and the mean density lower than that of the 

onventionally sintered specimen. The hardness values of the two 

aterials were the same to within experimental uncertainty. 

. Discussion 

.1. Phenomenology of the electrical response: the flash event at 

onstant voltage 

Figs. 2 and 3 show that the electrical response of SiC leading 

p to the flash event at constant voltage was qualitatively similar 

o that of a wide variety of other ceramics [17] : a rapid drop in

ample resistance occurred with a consequent increase in current 
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Fig. 4. Relative density against (a) hold time with a furnace temperature of 1500 °C and (b) furnace temperature for a hold time of 5 min and a constant specimen 

temperature of ∼ 2135 °C. 

Fig. 5. Final sample density against (a) nominal maximum power and (b) maximum sample temperature for isothermal tests. The furnace temperature was 1500 °C. 

Fig. 6. (a) Specimen shrinkage (black) and sample temperature T s (red) against time and (b) the corresponding inverse Arrhenius graph of resistivity during an isothermal 

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 shrinkage and resistance 

in the wires were incorporated into the specimen resistivity and temperature calculations. For clarity, error bars are only included for a small proportion of data points. 

Table 2 

Mean density, Vickers hardness and grain size at the centre of the specimen for flash 

sintered and conventionally sintered SiC. 

Density (%) HV5 (GPa) Average grain size (μm) 

550W Flash Sintered SiC 94.4 ± 0.3 24.7 ± 0.5 5.9 ± 0.5 

Conventional SiC 97.0 ± 0.2 24.8 ± 0.5 10.2 ± 1.1 

5 
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Fig. 7. SEM images at low and high magnification of the centre (a) and the edge (b) of the cross section of a SiC specimen flash sintering with a maximum power of 550 W 

and a constant furnace temperature of 1500 °C. 
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Table 3 

Activation energies and pre-exponentials of resistivity for the data 

of Figs. 3 and 8 (a) in the vicinity of the flash event. 

Electric field strength (V cm 

−1 ) Q (kJ mol −1 ) ρ0 ( � m) 

20 137 1.91 × 10 −6 

25 127 3.94 × 10 −6 

30 92 3.74 × 10 −5 
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nd electrical power dissipation. The reduction of the critical fur- 

ace temperature required for the flash event in SiC with increas- 

ng electric field ( Fig. 3 ) is also typical behaviour. 

Quantitative analysis of the electrical and thermal response of 

everal oxides [18–22] during the flash event shows that it is 

aused by thermal runaway, in which the reduction of resistance 

s the sample temperature increases leads to a greater increase in 

ower dissipation at constant voltage than can be lost from the 

ample surface as heat. The consequence is rapid electrical heat- 

ng of the sample. The combination of electric field E and furnace 

emperature T f at which runaway will occur is given by Todd et al. 

 19 , 23 ]: 

 

2 = 

4 pεσρ0 R 

AQ 

(
T f + �T c 

)5 
exp 

( 

Q 

R 

(
T f + �T c 

)
) 

(1) 

n which for �T c � T f : 

T c ≈
RT 2 

f 

Q − 5 RT f 
(2) 

In these equations, p and A are the perimeter and area of the 

pecimen cross-section between the electrodes, ε the emissivity, 

Stefan’s constant, ρ0 the pre-exponential in the inverse Arrhe- 

ius expression for the resistivity as a function of temperature, 

 the gas constant, Q the activation energy for electrical resistiv- 

ty/conductivity, and �T c the excess temperature of the specimen 

elative to the furnace (i.e. T s – T f ) at runaway. The equations can 

e used to predict the critical electric field for runaway at constant 

urnace temperature or the furnace temperature at which the flash 

vent occurs during heating with a constant electric field. For ma- 

erials whose conductivity deviates from Arrhenius behaviour, the 

ffective values of Q and ρ0 at the temperature of interest should 

e used. 

The values of Q and ρ0 for each of the three samples in 

ig. 3 that exhibited flash events were deduced from the inverse 

rrhenius plots for resistivity in Fig. 8 a. The plots for all three 

pecimens possess two approximately straight sections with a dis- 

inctive undulation in between. The flash event occurred at higher 

emperatures than the undulation so the values of Q and ρ0 for 

ach specimen were extracted using the straight sections imme- 

iately to the left of the undulations in Fig. 8 (a) and are given in

able 3 . The transition in behaviour will be discussed in the next 

ection. 

Fig. 8 b compares the experimentally observed furnace temper- 

tures at runaway for each initial electric field E with those pre- 

icted by solving Eqs. (1 ) and (2) for T f using the values of Q and
6 
0 in Table 3 with ε = 0.85 [ 16 ] and the experimental values for p

nd A . The agreement is within experimental uncertainty, demon- 

trating that the “flash event” observed here in SiC was thermal 

unaway, as in oxide ceramics. 

.2. Mechanisms influencing electric conductivity during flash 

intering of SiC 

The flash event at constant electric field analysed in the pre- 

ious section originated in the NTC behaviour during heating ev- 

dent in Figs. 6 b and 8 a. Most ceramic powder compacts exhibit 

TC behaviour under the conditions of flash sintering. This can re- 

ult from (i) the innate NTC behaviour of many ceramics caused by 

n increasing concentration or mobility of the charge carriers with 

emperature, (ii) extrinsic effects of the increase in current with 

emperature at constant voltage, such as the increasing component 

f electronic conductivity observed in YSZ under direct current as 

t becomes electrochemically reduced near the cathode [24] , and 

iii) the effect of the early stages of sintering in improving particle- 

article contacts [23] . Electrochemical reduction is not expected to 

ccur in an electronically conducting, covalently bonded semicon- 

uctor such as SiC, and the symmetrical appearance of the spec- 

mens during flash sintering (Fig. S2) suggests that any other ef- 

ects of the direct current on resistivity were small. Fig. 6 b also 

hows that the resistivity of the sintered specimen was almost con- 

tant during cooling between 2200 °C and 1500 °C, so the under- 

ying NTC behaviour of the SiC itself is evidently also weak un- 

er these conditions. This temperature-independence of resistivity 

bove 800 °C has also been reported for a range of α-SiC ceramics 

y Gnesin et al. [25] 

The fall in resistivity during heating in Fig. 6 b must therefore 

ave been caused almost entirely by mechanisms associated with 

he sintering of the powder compact. This is demonstrated by the 

arge difference in resistivity at T s ∼ 1600 °C in the heating and 

ooling parts of the cycle, and by the continuously decreasing re- 

istivity at approximately constant specimen temperature during 

he constant power periods of the stepped profile used in the heat- 
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Fig. 8. (a) Data from the 30 V cm 

−1 , 25 V cm 

−1 and 20 V cm 

−1 constant initial electric field tests plotted as ln( ρ) vs 10 0 0 0/ T s , where T s 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. 
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ng portion of the cycle. Similar tests using pre-sintered specimens 

ith pristine electrodes demonstrated that this reduction in resis- 

ance during heating cannot be attributed to an improvement of 

lectrode contact (Fig. S3). The difference in resistivity before and 

fter sintering in Fig. 6 b corresponds to a factor of ∼18. This is of

he same order as the resistivity change measured before and after 

he flash sintering of 3YSZ [23] and is considered to be primar- 

ly the consequence of the improvement in the quality and area of 

onnection between grains as sintering progresses. Analogous con- 

lusions have been reached concerning the appearance of thermal 

unaway-driven flash events in WC and AA5083 aluminium alloy. 

he underlying resistivity of both of these materials increases with 

emperature (PTC behaviour) but their powder compacts initially 

xhibit NTC behaviour on the application of an electric field owing 

o the removal of oxides or other resistive contaminants from be- 

ween the particles and the increase in contact area between the 

articles [ 13 , 26 , 27 ]. 

An additional contribution to the conductivity change during 

intering from the diffusion of the boron sintering aid - an accep- 

or dopant - into the grains during sintering cannot be completely 

uled out. The powder used for the current material is expected to 

e n-type owing to nitrogen doping from the atmosphere during 

roduction by the Acheson process [28] . The boron would be ex- 

ected to counteract this [ 29 , 30 ], initially increasing the resistivity, 

lthough the relevant diffusion coefficients [31] suggest that the 

oron could only have diffused to the centre of the grains once 

he highest temperatures had been reached. Furthermore, even 

hen holes become the charge carriers, boron additions are asso- 

iated with an increase in the high temperature resistivity [ 25 , 32 ].

iven the strong reduction of resistivity during sintering shown in 

ig. 8 b, it is concluded that any such effect of boron is outweighed

y the resistivity reduction caused by sintering described above. 

The dependence of resistivity on sintering involves mainly in- 

irect factors such as geometry, chemistry and thermal history 

hat give no reason for an Arrhenius relationship to be obeyed. 

he straightness of the lines in Fig. 8 a to the left of the undula-

ions noted in the previous section is therefore coincidental. This 

lso explains the variation of the values of activation energy Q in 

able 3 with applied field E : these are apparent activation ener- 

ies, not indicative of a particular transport mechanism and there 

s therefore no reason for them to be constant. 
s

i

7 
The distinctive undulations in Fig. 8 a correspond to the tran- 

ient peaks in power seen before the corresponding flash events 

n Fig. 3 . These are suggested to be a consequence of the carbon 

intering additives performing their role of removing the layer of 

ilica present on the surface of the SiC powder particles. Estimated 

ample temperatures during this period were similar for all elec- 

ric fields, at 120 0 °C–130 0 °C. The carbothermal [31] reduction 

f SiO 2 by C has been shown to take place in this temperature 

ange [ 33 , 34 ]. It is suggested that the removal of the electrically

nsulating SiO 2 on the surfaces of the SiC grains initially increased 

he conductivity of the specimen. Eventually, the conductive free 

arbon was used up by the reaction with the SiO 2 and the speci- 

en conductivity fell again, producing the peaks in Fig. 3 . It is evi-

ent from Fig. 8 a that the apparent activation energies are different 

efore and after the undulation in each case, which is consistent 

ith the proposed change in the chemistry of the conductive path 

hrough the specimen. 

.3. Densification and microstructural development 

XRD showed that the main phases present in the flash sin- 

ered SiC were α-SiC polytypes (Fig. S4, Table S1). The sam- 

le temperature corresponding to the highest sintered density 

2205 °C ± 28 °C, Fig. 5 ) is within the temperature range of 

150 °C ± 50 °C recommended by the manufacturer for conven- 

ional sintering of this powder and the main variables affecting 

onventional sintering had qualitatively similar effects in flash sin- 

ering. Thus, longer hold times and higher specimen temperatures 

ended to give higher densities ( Figs. 4 a and 5 ). However, the high-

st mean density achieved by flash sintering (94%) was lower than 

hat of the conventionally sintered specimen (97%, Table 2 ). Mag- 

ani et al. [35] also reported a density of 97% by conventional sin- 

ering of the same powder. 

The lower density achieved in flash sintering compared with 

onventional heating is attributable to the temperature gradients 

vident in Fig. S2, caused by heat loss at the surface of the spec- 

men. This resulted in differential sintering, in which the hotter 

nterior of the sample sintered faster than the colder, outer re- 

ion ( Fig. 7 ). For relatively low power levels, porosity remained in 

he cooler, exterior region of the sample when the interior of the 

ample was already dense. Conversely, noting that the flash sinter- 

ng temperature estimations apply to the surface of the sample, if 
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he power was increased sufficiently to sinter the surface region 

f the specimen, the hotter interior may have started to decom- 

ose or to form excessive amounts of liquid phase on approaching 

he B 4 C-SiC eutectic temperature of 2245 °C ± 5 °C [36,37] . This is 

he probable reason why specimen fracture prevented the further 

mprovement of density by increasing the electrical power beyond 

50 W. Thus, the achievable density was a compromise between 

ensifying the outside of the specimen without degrading the cen- 

ral part. 

The same problem of non-uniform temperature is also known 

n the flash sintering of YSZ and oxide liquid phase sintered SiC 

 6 , 9 ]. The effect was alleviated in this work by increasing the fur-

ace temperature ( Fig. 4 b) and further improvements in density 

an be anticipated by the use of thermal insulation [ 38 , 39 ] around

he specimen and by the use of more sophisticated electrode ge- 

metries [40] that concentrate the current towards the edge of the 

pecimen. 

The traditional view is that the main purpose of the C sinter- 

ng additive is to remove SiO 2 at the surface of the SiC particles in

rder to raise the surface energy that drives sintering, whilst the 

 additive lowers the grain boundary energy, which opposes den- 

ification [41] . However, with sufficient B, a liquid phase can be 

ormed at normal sintering temperatures, well below the B 4 C-SiC 

utectic temperature mentioned above [36,37] . Stobierksi and Gu- 

ernat [42] showed that this increases the rate of sintering and, 

bove a certain level of B, can also cause the growth of abnormal, 

longated grains such as those seen here in the centre of the speci- 

ens ( Fig. 7 ). The SiC powder used in this work is the same as that

sed by Stobierski and Gubernat and the amounts of C and B are 

lose to the maximum amount reported to give effective sintering 

ithout causing abnormal grain growth at 2150 °C. The nominal 

urface temperature of the specimens in Fig. 7 (2205 °C ± 28 °C) 

as slightly higher than this and the observation of elongated, ab- 

ormal grains, associated with liquid phase formation in the cen- 

ral part of the specimens in this work can be attributed to the 

ven higher temperature experienced in the interior. Despite this, 

he average grain size at the centre of the flash sintered specimen 

as a little over half that of the conventionally sintered sample 

intered at 2200 °C ( Table 2 ). This is presumed to be a conse-

uence of the much shorter hold times used for the flash sintered 

pecimens. 

By plunging the specimens into a ready-heated furnace, Sto- 

ierski and Gubernat were able to sinter green bodies with sim- 

lar compositions to ours to ∼92% dense in ∼40 s at 2150 °C. Our 

ash sintered specimen with the same nominal temperature took 

40 s to reach the same density and so, whilst also sintering very 

apidly, was slightly slower than in the isothermal experiments of 

tobierski and Gubernat. This demonstrates that, as with oxides 

uch as YSZ [43] and ZnO [44] , the electric field was not directly

esponsible for the rapid sintering and that the rapid heating was 

nstead the main factor involved. Because of the requirement for 

tepped heating to avoid specimen fracture in this work, our heat- 

ng rate was slower than that of Stobierski and Gubernat, which at 

east partly explains our slightly slower sintering rate. Neverthe- 

ess, manufacturing high density SiC with a small grain size in the 

rder of minutes represents a considerable improvement on the 

owder manufacturer’s recommendation of a 1–3 h dwell. In addi- 

ion, the ability to sinter SiC in an alumina tube furnace at 1500 °C 

ndicates that considerable savings in capital cost and energy con- 

umption may be possible if the process is commercialised. 

.4. Vickers hardness 

The Vickers hardnesses of the flash sintered and convention- 

lly sintered SiC in this work were the same to within experi- 

ental error (24.7–24.8 GPa, Table 2 ). The values are higher than 
8

hose reported by Wade et al. [45] for SiC of similar density using 

he same indentation load (approximately 22 GPa and 94% TD for 

oarse grained specimens and 23 GPa and 96% TD for fine grained 

pecimens). It should be noted that the density of the central re- 

ion tested in our material was higher than the mean value of 

4%. Magnani et al. [35] measured a hardness of 23.4 GPa (10 kgf) 

or 97% dense samples made by pressureless sintering of the same 

owder as was used here. We conclude that the flash sintered SiC 

as at least as hard as pressurelessly sintered SiC. 

. Conclusions 

SiC powder with B and C sintering additives has been success- 

ully flash sintered without the use of pressure for the first time. 

 mean density of 94% TD was obtained in an alumina tube fur- 

ace at 1500 °C in 16 min. Most of the porosity in the specimen 

as near the edges of samples, where the temperature was lower. 

igh sintered density was favoured by higher furnace tempera- 

ures, longer hold times and greater electrical power limits. The 

ighest sintered density was obtained with a sample temperature 

uring flash sintering of ∼2200 °C. These high sample tempera- 

ures created a liquid phase during sintering that resulted in ab- 

ormal grain growth. 

A “flash event”, phenomenologically similar to those found in 

xide ceramics, and characterised by a rapid rise in sample tem- 

erature followed by densification and accompanied by a decrease 

n sample resistivity, occurred under constant voltage conditions. A 

hermal runaway model based on the observed NTC behaviour of 

he resistivity during heating accurately predicted the conditions 

or the flash event. In contrast to oxide ceramics, however, the un- 

erlying electrical resistivity of the SiC had a weak temperature 

ependence in the temperature range of interest. The origin of the 

TC behaviour and the thermal runaway was found to be the early 

tages of sintering, in which improved connectivity between the 

owder particles led to a reduction in resistivity. 

The centre of the densest flash sintered SiC sample had an av- 

rage grain size of 5.9 μm ± 0.5 μm and a Vickers hardness of 

4.7 GPa ± 0.5 GPa. This hardness value was similar to that of a 

onventionally sintered specimen of the same powder. However, 

he average grain size of the flash sintered specimen was a little 

ver half that of the conventionally sintered sample while the pro- 

uction time of the flash sintered sample was reduced by more 

han 6 h and with a furnace temperature lower by 700 °C. 
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