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a b s t r a c t

Flash sintering is a powerful tool for the ultrarapid consolidation of green ceramic com-

pacts, although its activation mechanisms in electrically conductive PTC (Positive Tem-

perature Coefficient for resistivity) materials' is poorly understood. It was argued that a

flash event could be initiated and sustained for a transitory period in certain PTC ceramics

because of an initial negative dependence of the green material resistivity with tempera-

ture. The thermal runaway phenomenon and its activation conditions on binderless

tungsten carbide (WC) green bodies are investigated in the present work by numerical

simulations using finite element methods (FEM). The flash event is recreated and studied

within the COMSOL Multiphysics software at the macroscale, i.e., considering the flash as

an electrical power surge driven by an increasing sample's conductivity. During the flash,

very high temperatures in the range of 1800e2000 �C can be reached in the WC green

sample in a few seconds. The accurate numerical simulation of such event results in

heating rates exceeding 1000 �C/s, a condition that theoretically brings a powder compact

at temperatures high enough to accelerate and prioritize sintering densifying mechanisms

over non-densifying ones. Therefore, the sample's regions where the maximum sintering

temperature is reached more slowly because of thermal contacts with the electrodes

remain highly porous at the end of the process.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Flash sintering (FS) allows a remarkable reduction of tem-

perature and especially the time required to consolidate a vast

group of ceramic materials. When a green sample is exposed

to the right combination of electric field and furnace tem-

perature, an ultrafast diffusion phenomenon allows densifi-

cation to take place in few seconds. This very quick nature is

connected to the abrupt increase of conductivity in the green

ceramic body internally subjected to intense Joule heating. For

this reason, the flash sintering phenomenon has been pri-

marily attributed to the thermal runaway of the ceramic's
electric resistivity [1]. Theoretically, this condition hinders the

applicability of said technology to materials, like metals,

which possess a positive temperature coefficient (PTC) for

resistivity or, in other words, when the electrical conductivity

decreases with temperature. In addition, conductivity varia-

tion with temperature in PTCmaterials is also weak to allow a

burst in the electrical power dissipation and consequently

induce a flash event [2].

Very few works reported the effects of an electric current

applied to PTC green samples, in a “flash sintering” configu-

ration to allow the current to interact exclusively with the

powdered material. Lagos et al. [3] and Montes et al. [4]

implemented an electric-current assisted sintering (ECAS)

process onmetals (Fe) and hard-metals (WCeCo), forcing very

high currents (4e10 kA) through the greenmaterials. Mei et al.

[5] sintered a silver paste under a high direct current of 6 kA by

similar ECAS process. Very high current densities applied to

low melting point materials favour a liquid phase which

greatly boosts the diffusion during sintering. These previous

works showed remarkable short-term sintering (1e2 s) but did
Fig. 1 e Sintering apparatus for ERFS expe
not discuss any relation between accelerated sintering and

the evolution of the material resistivity. In a more conven-

tional FS experiment, Al particles were partially consolidated

at high electric fields (175e330 V/cm), during a transition of

the material conductivity, probably due to the presence of an

oxide (Al2O3) film [6].

Only recently, pure WC powders were demonstrated to

densify inafewsecondsbyusingECAS/FSroute, thegreensample

being placed under a limited pressure between two electrodes

[7,8]. A similar flash sintering set-up was implemented to

consolidate yttria-stabilized zirconia cylindrical samples [9]. In

WC,atransitioninthematerialconductivitywasregisteredunder

the application of low voltages (3e4 V) and moderate currents

(1000e2000 A), this generating exceptional heating and sintering

rates.Theabsenceofany liquidphase inpureWC, theburst in the

dissipated electrical power and its ultrafast densification

demonstrate how a thermal runaway can be responsible for the

acceleratedsintering inaPTCmaterial [7]. Itwasargued that such

a phenomenon is related to the dependence of the green mate-

rial's resistivity on temperature, it being negative (NTC) rather

than positive (PTC) up to a certain temperature.

The present work aims at studying by numerical simula-

tion using finite element methods (FEM) the relationship be-

tween the material electrical properties and the possibility of

activating a thermal runaway phenomenon in WC green

bodies. An electrical-thermal simulation is carried out to

analyse the temperature evolution during the current appli-

cation and the physical conditions, if any, for the thermal

runaway/flash onset in a material (WC) with metallic-like

electrical behaviour. The simulation results are then

compared and verified with the experimental results obtained

from flash sintering tests carried out using WC nanopowders.
riments (a) and its 3D CAD model (b).
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2. Materials & methods

The sintering apparatus implemented for the electrical resis-

tance flash sintering (ERFS) experiments (Fig. 1, a) was

modelled into a 3D object by CAD software (Fig. 1, b) and im-

ported into the simulation environment of COMSOL Multi-

physics ver. 5.6. The (ERFS) apparatus consists of two

cylindrical molybdenum electrodes placed in contact with the

green samplewithin an insulating cylindrical zirconia die. The

molybdenum elements are connected to an external power

supply (TECNA® Item 3484) through thick copper electrodes.

The entire system is mounted on a mechanical testing ma-

chine which serves as a servo-hydraulic actuator, thus

allowing control of the axial displacement of the two elec-

trodes in contact with the sample under a given pressure. A

typical sintering cycle consists of four steps: (i) insertion of the

green ceramic sample (disk or cylinder) inside the zirconia die,

(ii) placement of the electrodes in contact with the specimen

at a specific pressure, (iii) application of the electric current to

the sample through the electrodes to induce sintering and (iv)

cooling and extraction of the sample from the die. The flash

sintering procedure starts when the two electrodes are in

contact with the sample and the current is turned on and

typically finishes 10 s after the current application. The entire

process takes place in the air. More details can be found in

previous work [7].

In the present work, the flash sintering of pure WC nano-

powders was modelled at the macroscopic scale [10] by

coupling the equations governing the heat generated by the

electric current with those of the heat transfer in solids. Three

types of heat losses were considered: (i) conductive heat flux

through materials adjacent to the WC sample (zirconia die

and molybdenum/copper electrodes), (ii) convective heat flux

between the hot surfaces and surrounding air with a heat

transfer coefficient h ¼ 5 W/(m2K) and (iii) radiative heat flux
Table 1 e Materials parameters used in the simulation.

Material Properties

Copper (Cu) Emissivity

Electrical resistivity

Thermal conductivity

Heat capacity

Density

Molybdenum (Mo) Emissivity

Electrical resistivity

Thermal conductivity

Heat capacityy

Density

Zirconia Emissivity

Electrical resistivity

Thermal conductivity

Heat capacity

Density

Tungsten carbide (green) Electrical resistivity

Thermal conductivity

Heat capacity

Density

a The temperature dependence function is reported in the cited referenc
b Zirconia is considered an insulator.
with the emissivities reported in Table 1. The simulated heat

source consists of the Joule heating developed by an electric

current flowing through the electrodes and the WC pellet be-

tween the terminal and the ground, the initial voltage and the

maximum current being the two fundamental variables. The

current was controlled by COMSOL with the AC/DC module,

which set the electrical boundary conditions to apply either a

current or a voltage to the sample. The simulation of a flash

event requires modelling the behaviour of a power supply

which must switch dynamically from voltage to current-

controlled power output during the abrupt increase of the

sample conductivity [11,12]. In the COMSOL environment, this

dynamical switch could be implemented through the “Events

interface” module [13], which can model a power source

driving a system that exhibits variable resistance. A real

power supply can provide a constant current up to some peak

voltage or a constant voltage up to some peak current.

Therefore, the Events interface operated a switch between

constant-voltage to constant-current mode when either the

maximum voltage or current (I_lim) was reached. The exper-

iment was initially subjected to voltage control, i.e., a certain

voltage (V_app) was applied. Then, as the sample's conduc-

tivity increased, a limiting current (I_lim) was selected to

prevent the uncontrolled generation of heat (Fig. 2).

The FEM simulation was performed on the 3D CAD model

shown in Fig. 1 (b) using the material properties reported in

Table 1. Here, only the values at room temperature are re-

ported for simplicity and the cited references were considered

for the temperature dependence function. Only the emissivity

was considered invariant with temperature. The zirconia die

was considered an electrical insulator, being the electric field

used in the experiments too low to induce a significative Joule

heating in the material [1,2,11]. The mesh was built by the

COMSOL software using the physics-controlled built-in mod-

ule, selecting a “Fine-mesh” setting (Fig. 6 (a)). The physical

problem was solved in the time-dependent domain, from 0 to
Value at 20 �C Reference

0.3 [14]

1.6E�8 (Um)a [15], *

400 (W/mK)a [16], *

388 (J/kgK)a [16], *

8700 (kg/m3) *

0.1 [17]

3.8E�8 (Um)a [15]

140 (W/mK)a [16], *

220 (J/kgK)a [16], *

10200 (kg/m3) *

0.95 [14]

/b

2.5 (W/mK)a [16], *

450 (J/kgK)a [16], *

6050 (kg/m3) *

1E�3 (Um)a [7]

110 (W/mK)a [18,19]

180 (J/kgK)a [18,19]

6252 (kg/m3) [7]

es; * COMSOL 5.6 Materials library.
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10 s, and the simulated results were storedwith an integration

time step of 0.1 s.

The microstructure of a real WC sample consolidated by

the ERFS process at 3.7 V and under a maximum current of

1000 A was investigated by FESEM analysis (ZEISS® Supra40).

Cross-sectional images were obtained by cutting a flash-

sintered WC sample in the direction of the applied current

and after subsequent grinding and polishing sequences with

diamond pastes down to 1 mm. Different FESEM images were

acquired on the cross-section and the microstructure was

compared with the temperature gradient as evaluated from

the simulation results.
Fig. 3 e Dependence of the WC electrical resistivity on

temperature. Results are reported from [7] for the material

in the green and bulk states.
3. Results & discussion

3.1. Simulation of the flash event

Previous flash sintering experiments on WC green pellets

under 3.7e4 V initial voltage and 1000 A limiting current

showed almost complete densification of the material [7,8].

Such electrical parameters, together with the evolution of the

material resistivity (Fig. 3) as a function of temperature, were

used as the starting point for the FEM simulation. Fig. 4 shows

the different attempts to simulate the flash event for

increasing initial voltage (V_app) from 3 V to 7 V.

The application of an increasing voltage results in an evolu-

tion of the material's temperature only between 6.3 V and 7 V

(Fig. 4, a). For example, under 6.5 V the sample temperature in-

creases slowly for 6 s and then it abruptly reaches about

1600e1700 �C (Fig. 4, a). Heating occurs at an exceptional rate

(around 1000 �C/s) and corresponds to a drop in the material

resistivity by several orders of magnitude (Fig. 4, b). To better

understand the nature of the phenomenon generating this ul-

trafast heating, the energy balance between the heat generated

by Joule heating (Fig. 6, b) and the heat lost from theWC sample

by conduction, convection and radiation (Fig. 6, c) is reported in

Fig. 5. The correspondingvalues (Win andWout, respectively) are

integrated over the specimen's volume and surface domains.

The heat generated by Joule heating, Win, depends almost

exclusively on the interaction of the electric current with the
Fig. 2 e Example of transition from voltage (a) to current (b) con

interface (simulation results at 7 V).
specimen (Fig. 6, b) since the green body resistivity (Fig. 3) is

orders of magnitude larger than that of the electrodes (Table

1). The heat losses, Wout, are instead dominated by the

direct contact of the electrodes with the sample (Fig. 6, c). The

zirconia die strongly limits the lateral heat losses, resulting in

a large temperature gradient across the ceramic die (Fig. 5, c).

When the current is supplied to the system, the sample starts

to heat up at a limited rate, in a regime where Wout > Win

(Fig. 5, a), i.e., the heat losses from the sample are larger than

the power generated by Joule heating. This contributes to in-

crease the temperature in the zirconia die and the molybde-

num electrodes. This situation evolves slowly for about 6 s

while the sample temperature gradually increases up to about

300 �C where there is the inversion between the two power

curves (Wout < Win). Such temperature (z300 �C) corresponds
more or less to the value at which the WC green resistivity

starts to decrease (Fig. 3), thus creating the condition for a

thermal runaway of Joule heating. During said event, the heat
trolled sintering regime by using the COMSOL Events

https://doi.org/10.1016/j.jmrt.2023.02.213
https://doi.org/10.1016/j.jmrt.2023.02.213


Fig. 4 e Simulation results of the average temperature and heating rate in the WC pellet under different applied voltage (a)

and corresponding material's resistivity evolution (b) as a function of time.

Fig. 5 e Balance between the power generated by Joule heating, Win, and the dissipated one, Wout. Temperature distribution

within the zirconia die before (b) and after the onset of the flash event (c).

Fig. 6 e Detail of the mesh within the zirconia insulating die (a) and its cross sections (b, c) showing the simulation results at

6.5 V during the flash event (t ¼ 6.8 s). Win ¼ heat generated in the WC sample by Joule heating (b); Wout ¼ heat losses

(conduction, convection and radiation) (c).
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generated within the sample largely increases because of the

higher conductivity (Fig. 5, a), up to the point where it cannot

be dissipated quickly enough through the electrodes [20]. The

condition for the flash onset can be correctly addressed to the

intersection of Wout and Win curves after 6 s simulation time.

In this time frame, the sample temperature increases at a

huge rate with respect to the system as shown in Fig. 5 (b and

c). The temperature continues to increase very quickly up to

1600 �Cwhen the conductivity of the sample is so high to allow

the maximum current of 1000 A to flow through the material

(Fig. 2, b).

At around 9 s and with a sample temperature above

1800 �C, the resistivity reaches a value around 4x10�6 U m

(Fig. 4, b), very close to that of bulk tungsten carbide at high

temperatures (Fig. 3). At this condition, thematerial resistivity

no longer possesses a NTC characteristic and the thermal

runaway/flash event spontaneously terminates.

The end of the runaway event at the maximum allowed

current of 1000 A slows down the heating process; the system

is again characterized by the inversion between Wout and Win

curves and this results in a slow increase of temperature

above 1600 �C. It is worth pointing out the strong similarity

between the present flash sintering experiment and those

more traditionally performed on free-standing ceramic pow-

der green compacts [21,22]. Even if this flash sintering set-up

operates in open-air conditions and at room temperature,

the typical three stages of flash sintering can be identified in

Fig. 5 (a). During stage I (incubation time) the sample tem-

perature increases slowly due to the limited amount of Joule

heating; in stage II (flash onset) an abrupt escalation of the

material conductivity occurs, and it allows a surge in the

dissipated electric power; during stage III (constant current

regime) the maximum current limit is reached and the sin-

tering continues with a moderate temperature increase.

Flash sintering of WC green samples is achievable in a

specific sintering set-up, where the heat losses from the

ceramic sample are partially limited due to a combination of

material properties and high current density supply. The

conductive nature of tungsten carbide requires a huge amount
Fig. 7 e Schematics of the 2Dmodel used for studying the overhe

properties (a) and pellet sectioned in disks with resistive interfa

and high resistivity (c) where the former represents the interna

characterizes the higher resistivity at the contact points (rcontact
of current to sustain the flash phenomenon and to reach the

high temperature necessary to sinter the material. As shown

in Fig. 5 (a), the activation of the flash sintering phenomenon

on tungsten carbide opens the possibility of reaching very

high temperatures (1700-1800 �C) with an incredibly fast

heating rate (103 ºC/s), thus resulting in an ultrafast consoli-

dation of the starting powders [7,8]. The applicability of FS to

conductive refractory materials and ultra-high temperature

ceramics (UHTC) can offer a valid alternative tomore complex

FAST/SPS processes, which require complex equipment and

far more processing energy [23].

The activation of a thermal runaway event was therefore

successfully simulated for a conductive ceramic, although a

significantly higher voltage (6.3 V) was shown to be required to

activate the flash event with respect to the experimental evi-

dence (3.7 V) (Fig. 8). This discrepancy will be analysed in

detail in the following section, introducing the concept that a

powder compact does not behave like a homogeneous mate-

rial when it is crossed by an electric current. Heat is not

generated homogeneously, as simulated by FEM, but it is

localised in the region of higher resistance, like

particleeparticle contacts [10,24].

3.2. Two-dimensional disks concept for modelling the
particle surface overheating

As shown in Fig. 8 and also reported in the temperature evo-

lution plot in Fig. 4 (a), the simulated flash event requires a

higher initial voltage (6.3 V) to be triggered with respect to the

experimental data (3.7 V). The green sample is composed of

particles with an average size of about 240 nm, their direct

simulation by FEM analysis being almost technically impos-

sible, considering that the specimen contains millions of

single elements. Alternatively, the local interaction of the

electric current at the particleeparticle contacts can be rep-

resented by analysing the electrical effect generated at such

contact points (Fig. 7, d). The particleeparticle contacts are

characterized by the nanometric size and the surface chem-

istry of WC nanoparticles. To simplify the problem, a 2D disk
ating in theWC sample: pellet with homogeneous electrical

ces (b). Every disk is characterized by two regions with low

l resistivity of WC nanoparticles (rparticle) and the latter

s) (d).

https://doi.org/10.1016/j.jmrt.2023.02.213
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Fig. 8 e Comparison between experimental and simulation

results: threshold flash voltage required for triggering the

runaway phenomenon.
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model can be developed to study the overheating occurring at

the interfaces between the WC particles (Fig. 7). The model

considers a green pellet consisting of N number of cylindrical

disks, where each disk is composed of two regions: an internal

one, representing the resistivity developed within a WC par-

ticle (rparticle) and an outer one characterized by the increased

resistivity at the contacts points (rcontacts).

Every disk contains two layers of higher resistance where

the heat is localised upon the current flow. The thickness of

these layers (t) and their resistivity are evaluated in such a

way as to simulate the real effect of the localisation of the

current between nanometric particles. The effect of heat

localisation on the flash onset conditions requires that the

average electrical power dissipation (Pavg) between the two

pellets of Fig. 7 (a) and (b) are identical. Therefore:

Phom
avg ¼ Pdisk

avg (1)

where:

Phom
avg ¼ RI2 ¼ rexp

L
A
I2 (2)

is the average power dissipation for the homogenous pellet

(Fig. 7, a) and

Pdisk
avg ¼

X
rparticles

ðl� 2tÞI2
A

þ
X

rcontacts
t

A
I2 (3)

is the average power dissipation for the pellet sectioned in

N disk (Fig. 7, b), rexp being the experimental resistivity of a

green pellet (Fig. 3), L the height of the pellet, A the cross-

section area of the pellet, l the height of the single disk and t

the thickness of the layer (Fig. 7, c). If one considers thatN ¼ L
l,

Eq. (1) becomes:

rexp ¼
N
L

�
rparticleðl� 2tÞ þ rcontactst

�
(4)

which, by simple rearrangement, yields:
t ¼ L

2N

�
rparticle � rexp

�
�
rparticle � rcontacts

� (5)

The particles (rparticle) and the contacts (rcontacts) resistivity

can be evaluated according to the theory of small electrical

contacts [25], and to the model developed by [26] for the

contacts size effect on the flash sintering of ionic nano-

particles. In addition, WC nanoparticles are natively covered

by a carbon nanolayer which influences the electrical contacts

and, consequently, the overall resistivity of the green pellet

[27]. The overall resistivity of a WC green pellet (rexp) can be

related to the bulk resistivity of tungsten carbide (rbulk) and

the resistivity of surface carbon (rcarbon) according to the

following equation:

rexp ¼ rtot;pellet ¼
4
9
p
rparticle
rcontact

�
rbulk

p
þ rbulk

4
þ 2rcarbonthickness

prcontact

�
(6)

where thickness is referred to the depth of the surface carbon

layer previously reported in [27].

The overall resistivity of a granular pellet can be split into

two parts: (i) the internal contribution of the particles

(rparticles):

rparticle ¼
4
9
p
rparticle
rcontact

�rbulk
p

�
(7)

and (ii) the contributions of the constriction resistance and

that of the surface carbon layer (rcontact):

rcontact ¼
4
9
p
rparticle
rcontact

�
rbulk

4
þ 2rcarbonthickness

prcontact

�
(8)

After the evaluation of rparticles and rcontact, the simulation

can be solved according to Eq. (5) for a WC pellet consisting of

an arbitrary number of disks (N), N being the input parameter,

for an output represented by a specific value of t. The thick-

ness of the layer (t), which represents the modification of the

local electrical properties at the contact points (rcontact), re-

quires that the average resistivity of the two pellets (Fig. 7 (a)

and (b)) is the same, because of the imposed condition, Phom
avg ¼

Pdisk
avg . This means that, by average, the same Joule heating

occurs in the two pellets during the flash phenomenon,

although in the model composed of N disks more heat is

generated at the contact points between the disks with

respect to the internal part. This is the same as having a non-

homogeneous temperature distribution, in the form of a local

overheating during the flash event, thus better representing

the real phenomenon occurring between two particles in

contact. The accuracy of such model can be refined indefi-

nitely by increasing the parameter N, resulting in a layer

thickness (t) as small as required. Potentially, with adequate

computational power, N can be set high enough to reach an

interface thickness (t) similar to the interaction length among

the real nanoparticles.

3.3. Effect of heat localisation on the flash onset
conditions

The simulation results with N equal to 10 (Fig. 9, b) show how

the 2D disk model successfully simulates a flash event at the

https://doi.org/10.1016/j.jmrt.2023.02.213
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same voltage recorded experimentally (Fig. 8). The flash event

can be triggered at 3.7 V (Fig. 8) in the pellet that models the

localisation of Joule heating at the interfaces. This means that

the pellet with an increased interface resistivity allows to

reach, locally, temperatures high enough to have a drop in the

material resistivity and to initiate a thermal runaway phe-

nomenon at lower applied voltages. This can also be proven by

the temperature evolution plotted in Fig. 9 (a) for the two

pellets of Fig. 9 (b) and (c). The average temperature of the two

pellets remains almost the same along the process, the dif-

ference regarding the flash event starting time. This is con-

nected to the effect of the initial voltage on the flash onset
Fig. 9 e Simulation results of the dissipated electrical power an

Joule heating generated in the WC sample in the case of the 2D

resistivity (c).

Fig. 10 e Simulation results showing the electrical power dissipa

simulating the particle overheating with different N values.
time, because a higher initial value shortens the heating in-

cubation time (Fig. 4, a).

Fig. 9 shows the important contributions of the over-

heating at the particleeparticle contacts on the flash phe-

nomenon. The rapid temperature increase at the higher

resistance regions contributes to lowering the voltage and so

the electrical power consumption for starting the runaway

event. This is remarkable since the application of a lower

overall electrical power allows a very similar temperature

evolution in the material during the test (Fig. 9, a).

As a proof of concept, the use of the 2D diskmodel (Fig. 7, b)

for simulating the particle overheating effectwas validated for
d temperature generated during the flash experiments: (a)

disk model (N ¼ 10) and (b) for a pellet with homogeneous

tion (a) and the corresponding temperature generated (b) by
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different N values. Fig. 10 shows the results for the power

consumption and temperature generated in the WC green

pellet for different N values. It is possible to verify how, by

increasing the number of disks (N), similar results can be ob-

tained without the appearance of any trend, the position of

the power peak (Fig. 10, a) not changing with N. This result is

in line with the concept of the 2D disk model, where the layer

thickness (t), depending on the parameter N, imposes the
Fig. 11 e Simulated evolution of dissipated power, temperature a

sample. The temperature map (b) is shown for a cross-section of

after the peak in the power dissipation curve (a). The cross-secti

is shown (c) together with FESEM micrographs taken in three a
equality in the average pellet resistivity, hence in the average

dissipated electrical power (Eq. (3)) (Fig. 10, a).

3.4. Temperature distribution effect on WC sample
densification

Fig. 6 (b) and (c), which show the heat generated and lost in the

WC samples, point out intense heat exchange, during the
nd heating rate during flash sintering, measured in theWC

aWC pellet at 7 s after the beginning of the simulation, just

on of a real WC pellet after flash sintering (3.7 V and 1000 A)

reas (red squares) of different density.
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flash event, in correspondence of the interfaces between the

pellet and the electrodes. The high thermal conductivity of

molybdenum (Table 1) is indeed the major contribution to the

heat loss from the pellet, generating a strong temperature

gradient during the sintering process. To better visualize this

gradient and to understand its influence on the densification

phenomenon, Fig. 11 compares the simulated temperature

reached in the pellet cross-section with the microstructure of

a real WC sample obtained by flash sintering. As already dis-

cussed in previous works, the densification rate of WC is

accelerated during the power surge, when the heating rate is

maximum (Fig. 11, a). It is possible to consider that the tem-

perature distribution achieved during the flash event, hence

the sintering stage with maximum densification rate, is

related to the final density of the material. Fig. 11 (a) and (b)

represent exactly the temperature reached within the WC

pellet during the power surge, when the heating rate is

maximum. The temperature distribution (Fig. 11, b), soon after

the power peak, is for sure related to the final microstructure

(Fig. 11, c). The top and bottom portions, in contact with the

molybdenum electrodes, look darker in the digital image

taken on the polished cross-section of a sintered pellet (Fig. 11,

c); according to the FESEM analysis, that region possesses a

lower density (around 80%). Conversely, thematerial is almost

completely dense (97e98%) in the central part of the pellet,

where the highest temperature is achieved. It is also worth

comparing the non-homogenous shrinkage of the sintered

pellet in the radial direction with the temperature map in

Fig. 11 (b). Higher temperatures are reached laterally, due to

the insulating zirconia die, and this promotes a greater

shrinkage during the densification phenomenon with respect

to the radial shrinkage near the top and down sides. This

difference results in the peculiar concave lateral shape of the

pellet after sintering (Fig. 11,c).

Fig. 11 points out the strict connection between the tem-

perature field, the thermal runaway event and the corre-

sponding densification achieved during an ERFS experiment.

The FEM simulation carried out in this work is proven to be a

valid tool for studying the flash sintering phenomenon also in

non-conventional sintering apparatus, like that presented in

Fig. 1. In addition, the agreement between the simulated and

the real situation allows one to adopt strategies for improving

the flash process. For flash sintering of metallic ceramics, like

WC, critical is how the powder is connected to the electrical

system. The use of cylindrical metallic electrodes was found

to be a great strategy to supply the high current density

required for sustaining the flash. On the other side, the use of

refractory metals, like Mo, with high thermal conductivity

(Table 1), strongly affected the homogeneity of the sintered

material in terms of density and microstructure (Fig. 11).

From the presentwork one can understand the necessity to

find new solutions to supply electrical energy to the material,

limiting the heat losses through the electrodes during the

flash process.

In order to solve this problem one could select a refractory

material with very highmelting point (2000 �C or above), being

at the same time good electronic conductor but bad thermal

conductor. This is big challenge from the material science

point of view because in metals electrons carry both heat and

electrical charge, their electrical and thermal conductivities
being therefore coupled as defined by the WiedemanneFranz

law [28,29]. Nevertheless, some peculiar materials violate this

law, like VO2, which shows a separation of the phonons from

electronic thermal conductivities. Lee et al. [30] reported an

anomalous separation of the heat and charge transport

mechanisms in VO2 near its metal-insulator transition. This

material possesses a thermal conductivity of about ~0.2 W/m

K and an electrical conductivity of ~8.0 � 105 S/m, this making

it a potential candidate to be used as thermal barrier. Since

VO2 electrical conductivity is not as high as metals, being

similar to graphite, small cylindrical inserts with a reduced

thickness, could be placed between the green sample and the

electrodes to reduce the strong heat losses.
4. Conclusions

In the present study a coupled ElectromagneticeHeat transfer

finite element model was set-up to predict the flash sintering

process of conductive ceramics, like WC. The proposed anal-

ysis consistently reproduces the physical phenomenon when

compared with experimental data.

At the macroscopic scale, the flash event can be repre-

sented as a thermal runaway event driven by the evolution of

the material's resistivity when the heat generated exceeds the

dissipated one. The present work confirms that a thermal

runaway event is also achievable for PTC conductive ceramics

if one considers that the material in the green state is initially

NTC.

More specifically, it is possible to conclude that.

� A drop of three orders of magnitude in the resistivity, from

10�3 to 10�6 U m, is sufficient to activate a thermal

runaway, leading to a burst in the temperature up to more

than 1800 �C in a few seconds;

� the localisation of the electric current at the nanometric

particleeparticle contacts has a prominent role in the

onset conditions for the flash event; the overheating at the

contact regions of increased electrical resistance allows to

initiate the runaway event at lower applied voltage;

� the temperature gradient achieved during the electrical

power surge is directly related to the homogeneity of the

sintered material; the regions in contact with the elec-

trodes experienced a slower heating and, accordingly, are

affected by a higher porosity once the sintering process

finishes.
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