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Promoting microstructural homogeneity during flash sintering of ceramics through thermal
management
Gareth M. Jones, Mattia Biesuz,* Wei Ji,* Sandra Fisher John,Carolyn Grimley, Charles
Manière, Claire E.J. Dancer*

Flash sintering (FS) is a novel field-assisted sintering technology, where the ceramic is heated internally by the Joule effect. While
FS promises a tremendous reduction of ceramic firing time and furnace temperature, it has been applied only at the laboratory scale to
date. The key limitation of scaling up the technique to the industrial manufacturing level is the intrinsic difficulty managing the heat
generation and obtaining homogenous microstructures in components of industrial interest. Heterogeneous regions primarily originate
from the different types of thermal gradients that develop during FS; therefore, the management of heat generation is crucial to
achieve uniformity. In this article, we discuss the advantages of controlling the microstructural homogeneity of ceramics during FS,
and the technical routes to achieve this. The origin and formation mechanisms of thermal gradients upon flash sintering are outlined.
Possible approaches to reduce thermal and microstructural gradients are identified. The opportunities and challenges in scale-up of FS are
discussed from both industrial and scientific perspectives.

Introduction
The development of energy-efficient firing technologies has
driven research on sintering throughout the twentieth century,
with both economic and environmental motivations. Several
novel low-energy consolidation techniques have been developed in the past decade, of which flash sintering (FS) is one
of the most promising.1–3
FS is a field-assisted sintering technology where the simultaneous application of electric fields and heat to a ceramic
green component leads to a sudden drop of its electrical
resis- tivity, an internal heat generation by the Joule
effect,4,5 and densification within a few seconds. Attempts
have been made to scale-up the flash process using other
well-established sin- tering equipment such as flash-spark
plasma sintering (flash- SPS)6–8 and flash-microwave
sintering,9,10 though to date, the technique primarily
remains at the laboratory scale.
In addition to reducing energy consumption, FS ena- bles
other enhancements to glass and ceramic manufactur- ing.11
The flash event can be used to facilitate the synthesis

of complex oxides,12 formation of ceramic–ceramic13 and
metal–ceramic14,15 joints, and viscous16 and plastic17
defor- mations. The flash event has also allowed the
consolidation of microstructures18 and phases19 that cannot
be achieved via conventional heating. Additionally, it has
been shown to introduce a significant perturbation of the
crystallographic and electronic defect chemistry.11,20,21
Several types of thermal gradient develop during FS as heat
is internally generated by the Joule effect.4,5 These gradients can occur over all length scales characteristic of the
polycrystalline ceramics, from the macroscale bulk, to the
microstructural features such as the grain size scale and the
porosity scale, and the finest scales such as the grainboundary and other interfaces.2
Such gradients can lead to undesired microstructural
inhomogeneities in the sintered component. For the
industrial adoption of FS in ceramic manufacturing, a key
technological challenge is the fine control of current flow
and hence heat transfer in the ceramic component dur- ing
FS. In this article, different types of thermal gradients are
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described and their origins clarified. This is followed by a
comprehensive discussion of solutions to avoid thermal and
microstructural gradients.

cooling fluxes. The negative temperature coefficient (NTC)
resistivity of most ceramics implies a higher current concentration and thermal dissipation in the hot zones.4 The developed surface-to-core temperature differences depend on the
applied electric power, the thermal conductivity, the sample
geometry, and the activation energy for electrical
conductivity. This NTC phenomenon, combined with the
specimen cooling at the boundaries, tends to amplify the
temperature gradients and may generate highly unstable
heating regions.27,28 These so-called hot spots can be
detected in samples after sintering through microstructural
features, including local melting,3 and abnormal grain
growth.29 Grain core-boundary temperature differences are
minimal and unlikely to contribute significantly to the
temperature gradients.30

Temperature and microstructural heterogeneity
Origin of microstructural inhomogeneities
FS experiments are often carried out on small specimens to
minimize thermal heterogeneity. However, the use of samples
of even a few millimeters in thickness has been reported to
generate temperature heterogeneities3 ranging over a few hun- dred
degrees Celsius in some cases. Evidence of this comes from thermal
images,22–24 microstructural variations,25 and X-ray diffraction peak
width broadening.26 The origins of the thermal gradients and their
consequent microstructural inho- mogeneities are indicated in Figure 1.
We can outline two main categories of thermal gradient: in
the sample cross sec- tion (i.e., orthogonal to the current
flow) and along the gauge length (i.e., in the direction of the
current flow). In the fol- lowing sections, we expand on this
categorization and discuss how they enable the development
of different microstructuralvariations.

Several researchers have modeled the heat distribution in the
samples during FS.31–35 Homogenous heat capacity and
transfer are commonly assumed for the bulk material. These
studies focus on macroscale effects over the whole sample or
on nanoscale effects at particle–particle interfaces, with intermediate scales neglected. A simulation study by Dong based
on perturbation methods tests the validity of this assumption
and shows the hot spot phenomenon may be active for specimens above a certain critical size ( Zcr ) as low as a few millimeters for yttria-stabilized zirconia (YSZ):36

Thermal inhomogeneities and gradients
Thermal gradients in the sample cross section upon FS arise

from a disparity between the rate of Joule heating in the sample and the rate of heat transfer and are initiated by surface
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Figure 1. Different types of thermal and microstructural gradients that can
develop during flash sintering. In the cross section, both hot spots (small regions
within the bulk) and surface/core gradients can develop, resulting in different
regions of microstructural inhomogeneity. Differences in microstructure along
the gauge length are due to the electrode composition and the electric contact
between electrode and sample. The microscope images show examples of these
effects for (a) cross-sectional differences in regions in a flash sintered sample of
8 mol% yttria-stabilized zirconia25 and (b) differences between core, surface,
and electrode regions of a flash sintered sample of 3 mol% yttria -stabilized
zirconia.27 On the right (c) is an example of a thermal imaging
measurement of the thermal gradient in soda lime silicate glass during flash
sintering.28

(1)

where κ(T ) represents the thermal conductivity, ρ(T ) represents the electrical resistivity, Q
represents the corresponding activation energy,
p represents the electric power density, R represents the gas constant, T represents the absolute temperature, and E represents the electrical
field.
The existence of a critical hot spot size is due
to the fact that the volumetric heat produced by
a temperature perturbation increases with the
square of the perturbation radius (λ), whereas the
heat dissipated toward the neighboring regions
of the specimen is linear with λ. Thus, when
λ > λcr, the volumetric heat is dominant and the
perturbation is stable, on the other hand, if λ < λcr
heat is exchanged with the surrounding and the
perturbation vanishes. Additional thermal gradients could develop close to microstructural
features such as grain boundaries2 and pores.37

Geometry and electrode contact effects
The geometry of the sample and attached electrodes has a significant effect on the development of thermal gradients during FS. The
magnitude of a thermal gradient from surface
to core depends primarily on the exposed surface area of the sample, power dissipated (both

dependent on geometry), and thermal conductivity (material
property).
Small non-industrially relevant sample geometries such
as dogbones have been extensively used in FS studies.
Their minimized cross-sectional area reduces the severity of
the gradient between the surface and core. For long gauge
lengths, anode/cathode and electrode/core gradients are nonnegligible. Field enhancement at the electrode hole can further enhance the thermal gradient.38 Dogbones have typical
gauge length of 15–20 mm with a cross-sectional area of 3–6
mm2.39–42
In the case of disk-shaped samples, which have a larger
diameter compared to their height, the ratio between the area
in contact with the electrodes and the curved side surface
depends on the height-to-diameter ratio with heat dissipation
through the electrodes becoming dominant in the case of thin
samples. The small height minimizes any gradient between
the sample center and the electrode region, but also facilitates
the formation of hot spots and radial gradients.43 Common
sizes of disk vary, but most used in FS experiments are less
than 10 mm in diameter,44–46 the exception being flash-SPS
where larger disk diameters are more common47–51 When
“pellet” samples are used (i.e., cylindrical-shaped samples
with similar diameter to height),27 geometry effects lie
between the two extremes of the dogbone (low diameter-toheight ratio) and the disk (high diameter-to-height ratio).
Poor contact of the sample to the electrode introduces
high resistance in the electrode region over which power is
dissi- pated. Overheating of the electrode region can produce
exces- sive grain growth at both the anode and cathode for
direct current (DC) and alternating current (AC).38 Good
thermal contact between the sample and electrodes allows
heatsinking from the sample to cooler electrodes.27

Material‑dependent effects
The bulk material properties affect thermal homogeneity
through the thermal conductivity and the electrical resistivity (Equation 1).36 The activation energy (Q) for electrical
conductivity in ceramics varies significantly and this affects
the probability of hot spot formation. Hot spots become more
stable in materials possessing high Q and low k , or when
high power density is applied (Equation 1). The behavior of
materi- als undergoing flash sintering depends on the relative
values of their electrical and thermal conductivity. The
presence of impurities, dopants, or secondary phases in
ceramic compos- ites can alter the electrical and thermal
conductivity and hence the FS behavior. Composite materials
can have complicating effects if the conductivity of the
constituents varies as in alu- mina–titania52 and alumina–
zirconia composites53 Similar effects may occur when using
reactive flash.54 The presence or formation of thermally
conductive phases during FS can act as a heatsink or thermal
buffer to mitigate hot spot forma- tion, such as the glass
phase in porcelain.55 The packing of the ceramic compact
also affects the overall contact resistance and ease of FS,
smaller particles pack better with a higher ratio of

particle–particle contact to surface area compared to larger
particles.56
Electrochemical effects associated with the application of a
DC electric potential have been observed during FS in
several ceramic systems. These phenomena are particularly
relevant in ionic conductors where the displacement of ions
under the effect of the external field leads to variations in
the sample composition between the anode (+) and cathode
(−). In alkali-ion conductors, such as soda lime silicate
glass, FS causes a substantial accumulation of the positive
charge carriers at the cathode and a highly resistive alkali
depletion layer forms at the anode.57,58 The local increase
in the electri- cal resistivity causes a substantial overheating
of the anodic region (even > 1000°C), observed using
thermal imaging.57,58 Electrochemical phenomena have
also been reported in oxygen ion conductors, including
YSZ23,59 and gadolinium- doped ceria.20,60,61 Here, the
mobile charge carriers are oxygen vacancies, vO , which
move and accumulate at the cathode.
vO accumulation is somewhat counterbalanced by molecular
oxygen reduction from the atmosphere at the cathode, which
acts as a partially blocking electrode.
The molecular oxygen reduction rate is highly dependent on the
electrode configuration59 and is often not sufficient to sustain
the current flow. This leads to a strong electrochemical
reduction of the cathodic region, which propagates to most of
the gauge length during FS. This phenomenon is associated
with visible electrochemical blackening62 due to the formation
of donor levels in the bandgap.23 This anode/cathode asymmetry causes thermal gradients due to imbalance in the concentrations of positive and negative charge carriers, leading to
overheating of the anode.23,24 In addition to these thermal
effects, cathodic electrochemical reduction induces microstructural gradients due to localized changes in the diffusivity
of cations.63,64 While the most extreme electrochemical
effects have been observed in ionic conductors, anode/cathode
asym- metry, reduction, or blackening has been reported during
FS in several ceramic systems.11

Microscale microstructural development
While FS can cause the formation of large inhomogeneous
regions on the scale of the sample that are clearly detrimen- tal,
on the microscale, it promotes significant homogeneity
compared to other sintering techniques. Recently, Ji et al.65
compared the microstructure of 3YSZ produced by different
densification technologies: conventional sintering, fast firing,
self-propagating high-temperature synthesis, and FS (Figure 2).
By heating to different temperatures, both partially and fully
dense materials were obtained using each technique.
Conventionally sintered (Figure 2a–b) samples showed heterogeneous microstructures with pores of high coordination num- ber
originating from the green compact. Pores and abnormal grain
growth were also observed in samples produced by fast firing
(Figure 2c–d) and self-propagating high-temperature synthesis
(Figure 2e–f). Large pores shrink proportionally to the
macroscopic shrinkage of the body and are difficult to fully
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slower heating rate,71 but limits the likelihood of hot spot formation. An alternative is to adapt the two-step conventional
sintering process to FS.25,46 The interruption in current flow
reduces instances of current concentration, as when the flash
is reinitiated the current will find a different unblocked path.
Proportional integral derivative (PID) control produces current
ramps with rates varying from 1 A/cm2/s to 0.001 A/cm2/s.
At slow ramp rates, increased grain growth was observed. 72
Using a similar method, different ramp profiles (linear, squareroot, and parabolic) were trialed.73 Current limit stepping via
PID has been built into FS protocols74 and resulted in superior
homogeneity between the surface and core.75 The use of the
current ramp FS approach also resulted in a smaller anode/
cathode grain size difference in 3YSZ.41
To provide reproducibility and control required to adapt
FS to industrial applications, Lucideon Ltd. has developed a
control system based on a nonlinear algorithm. In conjunction with a real-time computer, the software controls current,
voltage, or power outputs on a millisecond basis, preventing
any value from overshooting its set point. Controlled ramps of
any of the previously discussed parameters and pulsed power
dissipation can be achieved, and the system functions at frequencies ranging from DC up to the megahertz range.76

Electrode configurations
The electrode material and interface paste composition (if
used) can greatly affect the contact resistance in FS. Several
different electrode configurations have been proposed to solve
or alleviate electrode effects. The effect of electrochemical
redox under DC can be mitigated through the use of porous
mesh electrodes and pastes59 (i.e., electrodes that facilitate
O2 diffusion and its incorporation at the cathode). Another
solution is the use of molten salt electrodes, which can supply ionic species to the depleted electrode region in alkaliion conductors,28 though the use of AC fields is more generally applicable.23,77 The adoption of an optimized electrode
shape78,79 can also alter the thermal gradient. A solution to
enable continuous production has been developed by a collaboration between the University of Colorado and Lucideon
Ltd. using sliding electrodes above and below a whiteware
sample within a rolling kiln.80
Contactless FS opens up opportunities for components with
unfavorable geometries, including thin films for solid-oxide
fuel cells and solid-state batteries, environmental and thermal
barrier coatings, as well as complex geometries with nonuniform thickness. Contactless FS may avoid the formation
of thermal gradients caused by electrode–specimen contact
as it delivers current to the sample via a conductive gaseous
medium between the electrode and the sample. Successful
trials of contactless FS have used electric arcs, cold plasma,
and local heating using an electrically conductive flame.81–83
Lucideon Ltd. has developed a demonstration scale system
for contactless flash sintering.76 The system consists of a
multiaxis robot capable of full dimensional rastering allowing
homogeneous flash sintering of large areas and thin (< 1 mm)

geometries. The system has also been used for localized roomtemperature repair of glaze defects on sanitary ware.

Additives
From Dong’s equation (Equation 1), at a given temperature,
the critical size of a hot spot rises as the activation energy for
electrical conductivity is reduced. This can be achieved by
adding electrically conductive phases to the ceramic, including
carbon nanotubes,84 graphene,85–87 or graphite.88 The addition of these compounds also increases the overall thermal
conductivity of the specimen, which further decreases the hot
spot formation probability and reduces the surface/core thermal gradients. Preliminary results have also shown that the
addition of water (“cold FS”) allows flash of thin pellet-like
samples at room temperature without hot spot formation.89

Summary
We have described how a variety of thermal gradients form
during flash sintering, leading to microstructural inhomogeneities. A range of strategies have been proposed to mitigate
and manage this formation; these are summarized in Table I.
It is clear that the strategies chosen to implement FS on an
industrial scale will be shaped by the requirements of each
product and the benefits pursued by its manufacturer. For
instance, small additions of a more conductive phase will lead
to homogeneity improvement by mitigating the thermal gradient between the sample core and edges. At the same time, this
tunes the optical and electrical properties of the final product,
which may be detrimental for some applications. While it is
unlikely that any single solution would be universally appropriate, some inhomogeneity mitigation strategies are more
amenable to large-scale production.
Contactless FS offers the most extensive set of benefits, by
removing the need for expensive electrode materials, mechanisms to ensure contact is maintained (conductive paste and/
or uniaxial pressure), and the limitation to geometries, which
possesses a regular cross section and provides two flat surfaces
for contact. Currently, contactless has been successfully used
for applications requiring thin ceramic layers, such as thermal
barrier coatings.82
The next most practical solutions are the use of AC and
electrical control systems. In the laboratory, uncontrolled DC
is preferred due to its simplicity. For a manufacturer, any additional difficulty introduced by controlled AC is small compared to the overall cost of retrofitting a line for FS and is
beneficial for stability and homogeneity. These two strategies
can greatly reduce hot spot formation and electrochemical
reduction effects.
Reducing the macroscopic thermal gradients induced by heat
loss at free surfaces and electrodes is key to the adoption of FS
as an industrial-scale technology. Continued work on the effect
of alternate paste compositions and morphologies would aid in
the development of flash for more specialized batch processes.
However, continuous throughput processes are not readily
amenable to the use of pastes or physical insulation. Thermal

Table I. The origins of thermal gradients and strategies to mitigate their formation.
Type of gradient

Origin

Materials

Strategies
∙ Addition of a thermally conductive phase
∙ Ultrafast (very small time scale)/pulsed
∙ Decrease heating rate
∙ Use of susceptor (hybrid heating)
∙ Use of thermal insulation
∙ Addition of a thermally conductive phase
∙ Addition of a conductive phase with
low activation energy for electrical
conductivity
∙ Decrease of the power peak (step or
current rate flash sintering)
∙ Increase furnace temp (tune to material
conductivity)
∙ Decrease heating rate or ultrafast (very
small time scale)/pulsed
∙ Continuous flash processes (contact or
contactless) (variance of current pathway/limited duration of heating)
∙ AC flash (variance of current pathway)

Surface/core (core overheated with
respect to surface)

Heat radiation from the hot surface

∙ Materials with low thermal conductivity

Hot spot

Thermal instability related to the
negative temperature coefficient for
electrical resistivity

∙ Materials with low thermal conductivity
∙ Materials with negative temperature
coefficient for electrical resistivity
∙ Materials with heterogenous conductivity

Electrode/center
(Electrode region overheated with
respect to the center)

High contact resistance between
electrodes and sample

∙ Any

Center/Electrode
(Core overheated with respect to the
electrode region)
Anode/cathode gradient

Electrodes act as heatsinks

∙ Any

Electrochemical redox at DC/low
frequency AC

∙ More evident in ionic conductors

∙ Use of conductive pastes or pressure to
reduce the contact resistance
∙ Electrodes with higher heat capacity
∙ Matching electrode positive temperature
coefficient behavior to temperature
∙ Matching AC frequency to charge
transfer
∙ Contactless flash sintering
∙ Electrodes with lower heat capacity
∙ Contactless flash sintering
∙ AC flash sintering
∙ Use of nonblocking electrodes
∙ Reintroduce lost ionic species (atmosphere/molten salt)

homogeneity through the use of insulation has been attempted
by researchers developing a flash-SPS hybrid.90 Similar effects
may be applicable to microwave sintering or microwave flash,
which can display a similar thermal runaway mechanism. 67
Future efforts should explore both engineering solutions for
insulation and alternate creative technical approaches.
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