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Abstract

The present work aimed to reduce the microstructure heterogeneity inherent to flash
sintering by using alumina blankets as a thermal insulator around ZnO cylindrical samples
during the sintering process, under different electric field conditions. Thermal insulation
significantly reduced the flash onset temperature and the grain size heterogeneity. For higher
electric fields, a temperature reduction as high as 480°C was observed, which also led to lower
densification. These findings were discussed in terms of changes in the heat loss dynamics
coupled with the adsorbed water retention, both promoted by the applied thermal insulation. A
model to estimate the temperature at stage Il of flash sintering was proposed. The final
temperature reached with thermal insulation did not differ significantly from the ones without
it. Thus, thermal insulation could represent an alternative route to flash sinter materials with
lower furnace temperatures with energy savings up to 78% and a more homogeneous

microstructure.
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Introduction

Since it was reported [1], the Flash Sintering process (FS) has been widely investigated
in different materials [2-10]. The technique consists of applying an electric field directly
through the sample to facilitate sintering. At a specific combination of temperature and electric
field, the current that flows through the sample rises abruptly and heats it quickly by Joule
heating. At this point, the sample shrinks rapidly, reducing the sintering time from hours to just
a few seconds at a furnace temperature much lower than those used in conventional sintering.

Despite the various advantages, one of the challenges for the application of FS on an
industrial scale is the microstructural heterogeneity that the consolidated material presents
[11,12], mostly reported for samples with a high specific area/volume ratio (e.g., cylindrical
samples) [6,13—-17]. To avoid this undesired heterogeneity, changes in the flash sintering setup
have been proposed, such as Two-Step Flash Sintering (TSFS) [14,18], Current-Ramp Flash
Sintering (CRFS) [13,19,20], and Thermally-Insulated Flash Sintering (TIFS) [21-23].

As a recent technique, a thorough microstructural investigation of materials submitted to
TIFS is still on its first steps. Only Biesuz et al. (2019) [22] and Wang et al. (2019) [23] have
reported improved results concerning microstructural homogeneity and densification using this
technique. The insulating material placed around the sample decreases the thermal gradients
that occur due to heat loss, mainly by radiation on the material surface [24—26]. In this way, the
entire sample tends to remain at a higher temperature, which improves its densification despite
producing larger grains. However, until now, TIFS has been performed only for dog-bone
samples, which are known for the absence of microstructural heterogeneity due to its low
specific area/volume ratio [22,23].

Studying the flash sintering dynamics in geometries with a higher specific area/volume
ratio (e.g., cylindrical configurations) can contribute to overcoming the challenges to scale up
this technique for ceramics industries. So, the study of TIFS in cylindrical shape becomes
essential to investigate if this technique is suited to avoid the microstructure heterogeneity since
it is expected higher thermal gradients in this geometry compared to dog-bone shaped ones.
Thus, focusing on filling this gap, this work aimed to evaluate the microstructural evolution of
cylindrical ZnO samples submitted to TIFS. We also investigated the influence of thermal
insulation on the most commonly studied flash sintering aspects, such as onset furnace
temperature, power density and electrical conductivity behavior, final sample temperature, and
densification. To support some of the proposed discussions, we developed a model for sample

temperature estimation in TIFS.



Experimental Procedure

Cylindrical samples with 5 mm in height and 6 mm in diameter were prepared using
99.8% ZnO commercial powder (70 nm - Synth®). The powder was ball-milled in alcohol with
0.5% wt. 4-aminobenzoic acid (PABA, Vetec Ltd.) for 6 h (ball-to-powder mass ratio of 4:1).
Then, 0.5% wt. oleic acid (Vetec Ltd.) was added and ball-milled for another 2 h. The resulting
suspension was dried under continuous airflow until the total elimination of alcohol and then
sifted through an 80-mesh sieve. The samples were isostatically pressed under 200 MPa. The
organics were burned out at 500°C for 1 h at a heating rate of 2°C.min™t. The FS and TIFS
experiments were carried out in a tubular furnace adapted to perform FS [6]. The limits used
for FS experiments of current density (J), electric field (E), and frequency were: 100 and 200
mA.mm?2 (RMS basis), 60 — 480 V.cm™ (RMS basis) in alternating current (AC) mode, and
1000 Hz (sinusoidal waveform), respectively. Since no conductive pastes were used, a
mechanical pressure of 300 kPa was applied to maintain the contact between the electrodes and
the sample. We kept the power supply on after reaching the current density limit (steady-state
of FS) for 60 s. The TIFS experiments were performed using the same electrical parameters of
FS, differed by the adapted insulation system based on the work of Biesuz et al. (2019)[22].

Figure 1 represents the differences between FS and TIFS setups. In the latter, the
electrodes and the cylindrical sample are inserted in an alumina crucible with holes in its ends
for the platinum wires contact and thermocouple insertion. After establishing contact between
the samples and the electrodes, the crucible was filled with an alumina blanket for insulation,
so that the sample remains surrounded by the thermal blanket to reduce heat dissipation to the
surroundings. For both experiments (TIFS and FS), a thermocouple was placed at an 8 mm
distance from the sample. In TIFS, the set “sample + thermocouple” was also surrounded by

alumina blanket, with no insulation medium between the thermocouple and the sample.
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Figure 1 - Experimental setup of the (a) tubular adapted furnace designed for FS and TIFS
conditions, and (b) regions for microstructural analysis.

The sample’s apparent density was determined by the Archimedes’ principle (ASTM
C373-88, 2006), and the final density values were described in terms of ZnO theoretical density
(5.606 g.cm). Thermogravimetric analysis (TGA 4000; PerkinElmer) was performed under
synthetic air atmosphere with a flow rate of 20 mL.min, and a heating rate of 20°C.min™* (the
same heating hate used in the flash sintering experiments).

Scanning electron microscopy (SEM; Philips, FEG XL30) was used for microstructural
characterization of samples fracture surfaces. The grain size distribution was measured by
analyzing four different regions according to Figure 1(b): near the upper and lower electrodes,
at the core, and the radial surface. For a representative measurement, at least 300 grains of each
region were measured. The microstructural homogeneity was evaluated by the Tukey test with
a significance level of 5%, assuming similarity between the grain size averages.

Since thermal insulation was used to avoid thermal loss by radiation, the estimated
temperature reached by the sample was not able to be calculated by the Black Body Radiation
model (BBR) [27]. Therefore, a model to estimate the temperature reached by the sample at
stage I11 of FS was proposed considering the heat loss promoted by conduction and convection

mechanisms.
Results and Discussion

Figure 2 presents the results of the furnace onset temperature for each condition studied

for FS and TIFS experiments and illustrates the comparison between these results. Table S1,



found in the Supplementary Material, describes the values for each condition. For lower electric
field limits, the TIFS leads to a less expressive, although significant, onset temperature
difference. However, as the electric field is increased and a certain limit is exceeded, TIFS onset
temperature decreased drastically when compared to the FS experiments. Besides, the flash
onset temperature tends to decrease as the electric field increases, although this behavior is
more tenuous for FS than for TIFS.
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Figure 2 - Graphical representation of the flash onset temperature of FS and TIFS for each
studied condition.

Figure 3 shows the final densities obtained for each studied condition with FS and TIFS
(the values are expressed in Table S2, in the Supplementary Material). Two distinct zones can
be noticed: zone I, where the TIFS procedure improved densification, and zone 11, where the
TIFS presents less densification when compared to the same condition of FS. To check if the
temperature reached by each condition is responsible for the final density differences, the

temperature at stage 111 was calculated according to the proposed model, as follows.
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Figure 3 - Graphic comparison between the final density obtained by FS and TIFS for
each studied condition.

For the estimation of the temperature distribution, a steady-state heat transfer model with
internal heat generation was used:

1dT( dT>+ =0
rdr Krdr 1=

In equation (1) T is the temperature, r is the radial coordinate, x is the thermal

(1)

conductivity and ¢ represents the volumetric power dissipation by Joule heating.
Even knowing that ceramic materials are not isotropic due to some characteristics like
grain boundaries, packing inhomogeneities, pores, etc., for the sake of simplicity, the thermal

conductivity was assumed to be isotropic. So, the equation is solvable by integration and the
general solution is:

T(r) = —irz + C;In(r) + C, 9
4K
C, and C, are integration constants, depending on the boundary conditions.
In the middle of the sample, the symmetry boundary condition was used:
dT 3)

- =0
dT‘ r=0

Which in turn, leads to C;=0.

In order to determine the value of C,, for this case, the following boundary condition
regarding convection to the furnace was used:
dT h

arl, AT @



In (4), h is the effective convection transfer coefficient, A, the superficial area of the
cylinder, r, the full radius of the sample, and T, the furnace temperature. Substituting the values
in the equation leads to:

qro (AS r0> (5)
Cr=Ty+—|—+=
T2 \m 2

And the final temperature profile was obtained:

q
T =T, ——1?
) O 4 +2K’
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For the temperature evolution inside the insulation blanket, a steady-state heat transfer

model with a temperature-dependent thermal conductivity «(T) was used:

1dT dT (7)
(e r ) =0
rdr dr
Using a linear function for the thermal conductivity:
(8)
k(T) = kT + kg
d dT 9)

—K(T) = Ks

Since now k depends on the temperature, the outside derivative needs to be computed

using the multiplication rule for differentiation. Substituting (9) and (8) in (7):

d’ ’ 10
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The general solution for this differential equation is:

ViesCsln (1) + K5 Cy + K2 — K (11)
KS

T(x) =

C; and C, are integration constants.
To find the values of C5 and C,, the following boundary condition was used:

dT
dr

(12)

h
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T=Tins
Regarding convection at the outer surface of the insulation layer.
Disregarding thermal resistance in the contact layer, continuity of the temperature and

the gradient was assumed in order to fill the other continuity conditions:



dT _dr (13)

dr r=rg,sample dr T=To,insulation

T(T) |r=r0,sample = T(T') |T=r0,insulation (14)

This leads to a system of 3 equations with 3 variables to be determined:
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Solving the system:
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The expansion needed to determine the value of Cs is too large to be written down here,
but doable with symbolic computation software. It can be approximated by ignoring the higher
order terms by being:

q2r03ks(Asi + 2hro(In(r;) — In(rp))) (20)
- 3hK*

C3:

Once its value is determined, C, and C, follow.

Then, for the temperature profile inside the sample:

) r0%q  Gry(Ac; + 2hry(In(r;) — In(r, 21
T(r) — _irz + 0 q + q O( Si O( ( L) ( O))) ( )
4k 4K 3hK3

Observing the difference between the temperature profiles, they possess the same
quadratic dependence on r, and the only difference is the constant term, depending on the heat
transfer conditions. Therefore, the profile will only be shifted by a linear term. The constant
term can be easily defined as the temperature in the interior of the sample (r=0).
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Where T (r),, are the temperatures without insulation and T (r); are the temperatures with
insulation. The temperature difference between both conditions can be determined as:

_ qro(Asi + 2hrp(In(r) —In(rp))) _ qro As (24)
Bl 3hx3 2Kk h
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Of course, in this case, it was assumed a temperature difference for the same power
volumetric dissipation.

Figure 4 summarizes the temperatures calculated by the model for the FS and TIFS
experiments and compares the differences between the furnace temperature and the estimated
temperature at stage I11. Table S2 (Supplementary Material) reports the calculated temperature
values and the final densities for each studied condition. It is noticed that for lower electric
fields, both the furnace and the estimated temperatures barely differ between FS and TIFS. For
higher electric fields, although, large differences in furnace temperature were associated with
small differences in the estimated temperature. This stands for the ability of thermal insulation
to compensate and optimize heat loss. Therefore, even at lower furnace temperature, the
insulation allows the sample to reach temperatures similar to those in FS without insulation
(with higher onset temperatures). Also, following Figure 3 and Figure 4, since the final
temperature reached is lower for higher electric fields when using TIFS, it results in a slightly

lower final density when compared to FS.
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Figure 4 - Stage |11 average furnace and estimated sample temperatures for FS and
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The flash onset occurs when a critical combination of temperature and electric field is
reached, triggering the thermal runaway. In this cycle, there is a continuous increase in the
sample’s temperature and its electrical conductivity, due to Joule heating. This cycle continues
until the current reaches the pre-established limit and the power supply switches to current
control [28].

According to Campos et al. (2020) [15], the sample temperature at the beginning of the
flash event is determined by an energy balance between the dissipated power and the heat loss
to the environment, whether by conduction, convection, and/or radiation. Since the convection
contribution is reduced due to the thermal insulation provided by the alumina blanket, the heat
loss due to this mechanism becomes negligible. Furthermore, in TIFS experiments, the
difference in temperature between the sample and alumina blanket (used for insulation)
becomes less significant, also contributing to the minimization of heat loss by radiation. This
fact justifies the decrease in the flash onset temperature since the dissipated power becomes
more intensely absorbed by the sample when the heat loss becomes minimized. However, the
expected reduction in the onset temperature caused by different heat transfer conditions should
shift the onset temperatures in a uniform way, such as seen from 60 to 270 V.cm™.

To investigate the reason for the existence of the different zones shown in Figure 3, which
have an abrupt change in flash onset on values higher than 270 V.cm™, the Arrhenius plot of
electric power density and electrical conductivity (Figure 5) was investigated in more detail.
Those curves present distinct behaviors concerning FS and TIFS. For lower electric fields, such
as 60 V.cm™ and 120 V.cm™, the curves presented the typical behavior observed in FS samples.
For these same electric field thresholds, the electrical conductivity curves are maintained at the
same levels. However, for higher electric fields applied to the sample, the curves start to behave
quite differently. For FS, in the temperature range between approximately 230 to 350°C, there
is an increase in electrical conductivity, which leads to an increase in the dissipated electric
power density. However, this increase was not high enough to promote the flash event. As the
temperature continues to rise, from 550°C onward, the second increase in electrical
conductivity occurs, which immediately triggers the flash event.

In the case of TIFS, the use of higher electric fields provides a similar phenomenon, but
with higher intensity. In the approximate temperature range of 170 to 250°C, there is an increase
in the electrical conductivity which may cause only a power peak (shoulder) or may trigger the
flash event (depending on the electric field limits). The anticipated flash happens for electric

fields above 270 V.cm™. From this point, the non-linear increase of electrical conductivity



favors the thermal runaway, and the flash event occurs. It can be seen that TIFS has provided a

decrease of at least 480°C in the flash onset temperature for the highest electric field condition.

Temperature (°C) b Temperature (°C)
3 727 394 227 127 ) 727 394 227 127
1000 - - . 1000 - - - -
E £ ]
E | E
= 100+ = 100+
S ] S ]
= >
2 2 i)
g 104 $ 104 S J,‘~
g & ] |
14 14
iFS iTIFS
1.0 15 2.0 25 10 15 2.0 25
1000/Temperature (1000.K 1) 1000/Temperature (1000.K™1)
©) 10+ d) 104
] 60 V/icm ‘
H.’E‘ 1 {E‘ ] 120 V/icm ‘
= 1 € 14 240 V/cm ‘
G 14 » i 270 V/em ‘
E ] E ] —o— 300 Vicm
2 002 2 i 360 Vicm
2 025 16 17 18 19 20 = 480 Vicm
] o 0.1 ?
=] =] bl
goly | E ’ |
5] i | 5] 5
o I o | \
1 ¥ | &> iy =
| i s e 0.01 E ‘
FS | ITIFS
0-01 T T T T T T T T .
1.0 15 2.0 2.5 1.0 15 2.0 2.5
1000/Temperature (1000.K 1) 1000/Temperature (1000.K 1)

Figure 5 - Arrhenius plot of the electric power density and electrical conductivity for
FS and TIFS for each studied condition.

It is well established in the literature that for ZnO, in temperatures up to 300°C, the loss
of chemically adsorbed water occurs [29,30]. Many ZnO applications such as heterogeneous
photocatalysis, hydrogen production, and gas sensors [31,32] derive from the strong interaction
of its surface with ambient water, which has a significant influence on the surface stability and
electronic properties of a semiconductor [33,34]. Nevertheless, the role of water on the
densification during sintering is still not completely clear [35-38]. Varela et al. (1990) [39]
firstly suggested that water chemically interacts with the ZnO surface and dissociates into H*
and OH". This interaction leads to the formation of surface defects and increases surface
diffusion.

Some authors have used the positive aspects of the interaction between aqueous solutions
with different materials to aid their densification processes [40-42]. Funahashi et al. (2016)



[42] firstly applied the Cold Sintering Process to ZnO by using acetic acid solution and uniaxial
press, changing the sintering temperature from values below 300°C. Dargatz et al. (2016) [43]
sintered dry and wet powders of ZnO by FAST/SPS sintering and stated there is a heating rate
dependence for the water content to be high enough to affect the sintering behavior [43,44]. Nie
et al. (2018) [45] reported the Water-Assisted Flash Sintering, in which the absorbed water
vapor can trigger FS in ZnO cylindrical samples by increasing its electrical conductivity. The
authors also stated that the water effects can persist until approximately 350°C. Kermani et al.
(2020) [36] also demonstrated the benefits of combining water, external pressure, and electric
field in a process named Flash Cold Sintering to optimize the densification of ZnO with the
absence of external heating.

Meanwhile, the shoulder on the ZnO power density and electrical conductivity plots
before the “normal” FS temperature has not been reported in previous literature so far. To
investigate whether the possible reasons for this peak appearance could be related to adsorbed
water, additional experiments were performed. Figure 6 demonstrates flash sintering
experiments with different heating steps, wherein in Figure 6(a) the temperature rises in a
constant heating ramp, with the electric field applied since the beginning of the heating. The
power density curve shows the appearance of a peak around 170°C, which has not triggered the
flash event, also in agreement with the graphs in Figure 5. Figure 6 (b) demonstrates the same
electric field conditions, but differing for an isothermal stage at 300°C for 2 h, followed by
cooling to 80°C and subsequent constant heating rate until the flash event. It is noted that the
same peak appears on the first heating stage, identical to the one presented in Figure 6(a).
However, no peak appeared on the cooling nor the second heating stage. Figure 6(c) differs
from Figure 6(b) only by the time of the application of the electric field. In the latter, the electric
field was applied only at the second heating stage. It is noted that no peak of power density
appeared in this condition.

These setups exclude the fact that this shoulder is related to the field-effect on the material
of a specific phenomenon that happens at this temperature since under two heating stages the
peak only appeared in the first one. Thermal analysis (Figure S1 — Supplementary Material)
shows two weight losses, the first one around 200°C and the second one around 350°C. The TG
curve continued to drop until the final temperature. This process can be explained by the
desorption of water as a gradual process for ZnO since the dissociated ions (H" and OH") can
be trapped in pore-particles contacts, neck formations, and grain boundaries [43,46]. Since the

sample was already free of organics, all the mass losses were attributed respectively to



physically adsorbed water and OH" loss. From the TGA, the total water loss after the second
drop is around 1,05%.

Kermani et al. (2020) [36] were able to trigger flash sintering in ZnO at room temperature
by using 60 V.cm™ and 23wt.% water under a 20 MPa mechanical load. When cold sintering
ZnO at 126°C by using acetic acid as an aqueous solution (20wt.%) without the use of electric
fields, higher pressures (387 MPa) and longer sintering time (1 h) were necessary to achieve
nearly full densification [42]. Schwarz et al. (2012) [46] used high heating rates (100 K.min™)
when coupling FAST/SPS sintering and humid conditions (the powder was stored in an 85%
humidity environment) to densify ZnO in 400°C and 50 MPa. The latter used lower humidity,
with less than 1wt.% loss up to 500°C.

Dargatz et al. (2016) [43] stated that amounts of water as low as 0.1% is sufficient to
influence the ZnO sintering behavior, although the authors found that 1.6% was the ideal
humidity for the optimized densification under FAST/SPS Sintering with a mechanical load of
50 MPa. Gonzalez-Julian et al. (2018) [35], using the same condition reported in [43], increased
the applied pressure to 150 MPa and were able to reduce the sintering temperature to 250°C.
The authors affirmed that only small quantities of water are required to influence the sintering
of ZnO since all the contributions come from the adsorbed molecules. Some of the effects of
the adsorbed water are the dissociation into H* and OH" which will diffuse into the crystal
structure and lead to the formation of defects at the grain boundaries and/or particle interfaces
and enhancement of diffusion rates and mass transport [35,43,44].

Therefore, the shoulder presented in Figure 5 could be related to the presence of adsorbed
water. When sintered via TIFS, the physical barrier promoted by the insulation blanket acts by
trapping water vapor and also enhancing the absorption of the dissipated power (by thermally
insulating the material and reducing the heat loss). These facts can lead to an increase in the
electrical conductivity and promote a temperature rise to a point that, from a critical electric
field value, it may trigger the flash event. In the experimental setup, we were able to achieve
densification levels comparable to those presented in the literature with lower values of both
mechanical load and humidity, which were 300 kPa and 1.05%, respectively. Although the
influence of water on FS has been reported before [35-38,45], its effects have been intensified
by thermal insulation without the need to use an experimental apparatus designed for this
principle. Also, the process can be applied to different geometries since there is no need to use
a mold to apply external pressure (the pressure applied was only for maintaining the electrical
contact). The use of the thermal blanket, besides being easy to manage, can also optimize the

time and energy consumption of the sintering.



a) 103

600 T
-
G 500 .
= z
5 102 =
g z
by c
£ $
2 - ©
L10' 3
b o.

Time (min)

. -10°
£
€
z

102 =
w
c
[
-
= )
. L10" 3
y : ; 4 o
0 15 150 200
Time (min)
c) g -10°
600 Electric field "’g
G 500 -
wa 400 %
3 L1043
© 300 ae D
@ c
£ 200 ]
@ —
= ()
100 -10' 3
0 ' (a
0 15 150 200

Time (min)

Figure 6 - Curves of heating ramp (°C) and power density (mW.mm3) of TIFS experiments
under E=270 V.cm™ and J=200 mA.mm for (a) constant heating ramp with the electric field
applied since the beginning; (b) two stages of heating ramp interspersed by an isothermal
plateau with the electric field applied since the first heating stage; (c) two stages of heating
ramp interspersed by an isothermal plateau with the electric field applied from the second

heating stage.



To evaluate the effect of the thermal insulation on the microstructure, Figure 7 presents
the SEM micrographs for three regions: near the electrodes, core, and radial surface of the
samples sintered using E = 60 and 480 V.cm™ and J = 200 mA.mm™2. Table 1 presents the
average grain sizes for each analyzed region. For the samples sintered by TIFS technique, there
is a tendency for the grain size to be bigger when compared to the same conditions using FS
technique. This fact is due to the thermal insulation, where the heat loss is reduced, especially
by radiation. Hence, the TIFS samples remain under high temperatures for a longer period,
leading to grain growth. Moreover, a higher electric field led to smaller grain sizes, except for
the FS480 core region. This happens due to the lower final temperature reached by this sample,

according to the proposed model (Figure 4).
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Figure 7 - SEM images of three different regions: near the electrodes, core, and radial surface
of FS and TIFS samples using E=60 and 480 V.cm™ and J=200 mA.mm,



Core Radial Surface Electrodes

FS60 3.10+0.80 2.17+0.46 1.32+0.33
TIFS60 3.75+0.67 3.59+0.65 1.69+0.53
FS480 4.59+0.98 1.10+0.21 0.74+0.18
TIFS480 1.75+0.38 1.09+0.22 0.95+0.18

Table 1 - Average grain size (um) of three different regions: near the electrodes, core, and
radial surface of FS and TIFS samples using E=60 and 480 V.cm™* and J=200 mA.mm-.

Tukey Mean Difference plot, Figure 8, was performed to better analyze the
microstructure heterogeneity/homogeneity in function of the different conditions studied.
The names in Figure 8 are presented according to the following: the region analyzed, the
sintering method, and the electric field used; for example, the radial surface region of the
sample sintered by TIFS with 60 V.cm™ was named as RS-TIFS60. Tukey Mean Difference
plot gives an idea of the samples’ degree of heterogeneity/homogeneity. The further away
from x = 0, the more heterogeneous the sample is when compared to the others.

For FS conditions all regions were statistically different, while for TIFS the
microstructural homogeneity was more pronounced. The samples flash sintered under 480
V.cm™ showed the most heterogeneous microstructure, with the grain size at the core reaching
around five times the grain size of the other regions. Meanwhile, for the TIFS at the same
electric field condition, this difference is reduced. This condition showed the smaller
microstructure heterogeneity, in which the radial surface and the electrode regions presented no
statistical differences and the core and the radial surface and the core and the electrode regions

presented minimized differences.
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Figure 8 - Tukey Mean-Difference of grain size with 5% of significance level for three
different regions: near the electrodes (NE), core (C), and radial surface (RS) of FS, and TIFS
samples using E=60 and 480 V.cm™ and J=200 mA.mm2,

The pronounced microstructural heterogeneity presented by the FS samples under 480
V.cm? can be explained by hotspot formation that might occur under higher electrical
conditions. Nevertheless, thermal insulation allows better microstructural homogeneity in the
radial direction of the sample. However, the heat loss contribution from the conduction
mechanism due to the electrode is still significant. In that way, the region near the electrodes
presents the smallest grain sizes for all the studied conditions.

The differences in temperature between the core of the sample and the furnace become
more intense under higher electric fields, which can lead to thermal stress and heterogeneous
densification, leading to failure of the sample. Since these differences were mitigated using
thermal insulation, the TIFS technique presents an attractive way to get around such problems
commonly reported by the scientific flash sintering community. The existence of the shoulder
in the conductivity curves of TIFS for ZnO can provide an anticipatory route of the flash event
to lower temperatures at intermediate electric field limits. Wang et al. (2019) [23] were able to
perform FS of ZnO at temperatures below 100°C, however, using a higher electric field of 2800
V.cm™*. Also, the authors used a dog-bone shaped sample and were able to reach 92% of final
density. Besides that, a microstructure with exacerbated grain growth was also reported by the
authors. This fact can be explained by a combination of electric field and current density that
form a critical point which, below this point, the safe zone of the FS occurs, and above, the

failure zone occurs [47].



For high electric fields (~10° V.cm™), hotspots formations could be induced leading to
local overheating and possibly melting the material, forming microstructural heterogeneity.
According to Campos et al. (2020) [15], hotspots occur mainly in cylindrical samples, due to
their higher area/volume ratio, leading to larger density gradients within the sample
[15,25,26,48]. Although the densification provided by the TIFS was lower than FS for the
higher electric field limits (300, 360, 480 V.cm™), it could be solved by increasing the current
density or the time of the flash event. This lower density can be correlated to the lower
calculated steady-state temperature by the proposed model.

By considering the power consumed by the furnace and the power supply during the
experiments, the energy consumption of the FS and TIFS processes could be compared (the
calculus for this estimation is found in the Supplementary Material). For low electric field
values, since the flash onset temperature is almost unchanged (according to Figure 4 and Table
S2), the energy consumed by both processes barely differs. For these conditions, the advantage
of TIFS is due to improved microstructural homogeneity and higher densification. For higher
electric field values, where the anticipatory path is favored, energy savings with the use of TIFS
reached values up to 78%. Therefore, in addition to the microstructural control, TIFS may also
be attractive for industrial applications due to the considerable reduced energy consumption in

sintering.
Conclusions

In this study, we showed that TIFS was able to decrease the flash onset temperature of
ZnO. Regarding the final density of the samples, TIFS experiments provided two different
behaviors: (1) using low electric field limits, TIFS improved densification even reducing the
flash onset temperature; (2) using high electric field limits, the temperature reduction was high
enough to result in less densification. Besides temperature reduction, TIFS provided a more
homogeneous microstructure, reducing the difference in grain size between the core and the
radial surface in FS to barely no difference with the use of TIFS technique.

The proposed model for calculating the estimated temperature in stage Il of FS
considered the contribution of heat loss mechanisms in general, not only radiation. When also
considering that the thermal insulation provided by an insulating blanket (whose constant k
depends on the internal and external temperature), the model was able to provide a better insight
into the estimated temperature that the sample reaches. TIFS in addition to providing a decrease
of 450°C in furnace onset temperature, also managed to reach an estimated temperature during

stage I11 only 100°C lower than the one achieved for FS under the same conditions, evidencing



the improved energy savings with the insulation process (up to 78% compared with FS
experiments without insulation).

We also showed that the presence of absorbed water within the sample could anticipate
the flash event at much lower temperatures when using high electric field limits (above 270
V.cm™). This effect is more expressive in TIFS experiments.
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