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Experimental and Numerical Studies of Densification and
Grain Growth of 8YSZ during Flash Sintering

Shufan Wang,* Tarini Prasad Mishra, Yuanbin Deng, Anke Kaletsch, Martin Bram,

and Christoph Broeckmann

As a promising sintering technique, flash sintering utilizes high electric fields to
achieve rapid densification at low furnace temperatures. Various factors can
influence the densification rate during flash sintering, such as ultrahigh heating
rates, extra-high sample temperatures, and electric field. However, the deter-
mining factor of the densification rate and the key mechanism during densifi-
cation are still under debate. Herein, the densification and grain growth kinetic
during flash sintering of 8 mol% Y,0s-stabilized ZrO, (8YSZ) is studied exper-
imentally and numerically using finite element method (FEM). The roles of Joule
heating and heating rate on the densification are investigated by comparing flash
sintering with conventional sintering. An apparently smaller activation energy for
the material transport resulting in densification is obtained by flash sintering
(Q4 =424 k) mol ') compared to the conventional sintering (Qy = 691 k) mol ).
In addition, a constitutive model is implemented to study both the densification
and the grain growth during flash and conventional sintering. Furthermore, the
effect of electrical polarity on the density and the grain size evolution during flash
sintering of 8YSZ is also investigated. The simulation results of average density
and grain size inhomogeneity agree well with the experimental data.

1. Introduction

Flash sintering has drawn wide research
attentions since the first publication
on flash sintered 3 mol% yttria-stabilized
zirconia (3YSZ) in 20101"? due to the
significant reduction of time and
temperature required for the ceramic
densification. In a typical flash sintering
experiment, an electric field is directly
applied to the green sample so that the
current flows within the body at a certain
furnace temperature. The onset of flash
sintering is characterized by a nonlinear
increase in conductivity concurrent with
an abrupt heat dissipation and fast
densification.?! Recent studies focused
mostly on the understanding of the
underlying densification mechanisms
during flash sintering. Various influenc-
ing factors contribute to the rapid densi-
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fication, such as internally generated

Joule heating by thermal runaway,?®”
grain boundary overheating with local melting,®*% extremely
high heating rates,!'""'? and formation of defects such as oxy-
gen vacancies!"*' or Frenkel pairs.'>**! However, to what
extent the nonthermal (electric field) factor is engaged in
the enhanced densification is still not fully understood.

The influence of electric field on the sintering process has
been studied for various oxide ceramic materials, including zinc
oxide,"”*® alumina,™” gadolinium doped ceria (GDC),***! and
yttria-stabilized zirconia (YSZ).?*% Schmerbauch et al.*”! stud-
ied the flash sintering behavior of nanocrystalline zinc oxide
using noncontacting electrodes to avoid current flow and the
resulting Joule heating. They observed the enhanced densifica-
tion and coarsening of ZnO even in the absence of electric cur-
rent flowing through the sample. Cao et al.”®! measured the
viscosity and sintering stress under different electrical potentials
experimentally using a loading dilatometry. It was revealed that
moderate alternating current (AC) electric fields can decrease the
uniaxial viscosity and increase the sintering stress of yttria-doped
ceria (YDC). In addition, molecular dynamics (MD) simulations
have been carried out by Xu et al.** to calculate the diffusion
coefficients of Y, Zr, and O ions in the 8 mol% yttria-stabilized
zirconia (8YSZ) system under electric field; the results show that
an intense electric field promotes the formation of cation Frenkel
pair defects and enhances the diffusivities of cations and anions
in the 8YSZ system. Apart from the effect of electric field on
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densification, asymmetrical microstructure caused by electrical
polarity has also been widely observed in flash sintering as well
as field-assisted sintering technology/spark plasma sintering
(FAST/SPS).[18:20-22:24.25.27.28] H,wever, the results regarding
grain growth in favor of a particular electrode side and the rea-
sons for inhomogeneity vary from material to material.*!

On the other hand, many researchers tried to explain the
abrupt densification during flash sintering only from the thermal
aspect.'#?*3% In their works, the enhanced densification was
attributed to the altered mass transport mechanism caused by
the ultrahigh heating rate in flash sintering. Very early studies
of heating rate on the sintering behavior were conducted by
Johnson et al.>' 3 It was found that very fast densification with
small grain sizes of alumina can be achieved by fast firing. The
study of heating rate effect on the densification of ZnO during
flash sintering was reported by Zhang et al.*%. In their works, the
rapid thermal annealing (RTA) experiments were conducted to
mimic the heating profiles in flash sintering. It was observed that
RTA experiments achieved similar densification and grain
growth rates of the ZnO samples as those in flash sintering.
Moreover, Ji et al.'? compared different fast firing techniques
with flash sintering on the example of 3YSZ. It was concluded
that rapid heating (>6000 Kmin™') without electric field can
accelerate the sintering process of 3YSZ by over two orders of
magnitude compared with conventional heating (5 Kmin™") to
the same temperature. This reveals that the primary reason
for abrupt densification in flash sintering of 3YSZ is the ultrafast
Joule heating rather than a direct influence of the electric field or
a higher maximum temperature than normal sintering temper-
ature. Furthermore, Ji et al.>* investigated the microstructural
development of 3YSZ during ultrafast firing and found that rapid
heating methods resulted in smaller pores than conventional
heating, which contributed to the acceleration of densification.
Recently, Bhandari et al.** demonstrated in experiments that
the rapid densification in flash sintering of 8YSZ is primarily
dominated by Joule heating, whereas the influence of electric
field is mainly on the grain growth behavior. In 2020, another
novel sintering technique named ultrafast high-temperature sin-
tering (UHS) was introduced by Wang et al.®*>! With a compara-
ble heating rate to flash sintering, UHS excludes the effect of
electric field on the sintering of ceramic compacts by indirectly
heating the sample with the use of graphite felt as a “furnace.”
Mishra et al.*® simulated the temperature reached during UHS
of SrTiO3 and compared the results with conventional dilatome-
try sintering. It was found that at similar sintering temperatures
for both techniques, UHS significantly accelerated the sintering
process. This enhanced densification was attributed to the ultra-
high heating rate of ~10* Kmin ™.

To investigate the impact of Joule heating on the densification
mechanism of flash sintering, the modeling of the electrical-
thermal-structural interaction of the ceramic body is needed.
Considering the difficulty of the temperature measurement dur-
ing flash sintering, many researchers have adopted analytical
modeling®?”*¥) and finite element methods (FEMs)*2°3%4%
to calculate the maximum temperature and temperature gradient
in the sample. However, very few studies on the modeling of den-
sification during flash sintering were reported till now. Li et al.*"
used FEM coupled with a phenomenological constitutive equa-
tion to simulate the densification of flash sintering of 3YSZ.
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Arya et al.*? used the master sintering curve (MSC) to include
the influencing factor of the heating rate to predict the densifi-
cation behavior of 3YSZ, 8YSZ, and TiO,. Their prediction of
relative density (RD) matches closely with the experimental
observation at a higher current density (100-150 mA mm™?)
while failing at a lower current density (<100 mAmm ?).
However, considering the likely changed mass transport mecha-
nism at an ultrahigh heating rate, the validity of extrapolating the
experimental data from the conventional heating rate (5-
20 Kmin ") to ultrahigh heating rate (<2000 Kmin ') is ques-
tionable. Moreover, both abovementioned works did not incorpo-
rate the grain growth factor in the modeling of densification. As
the effect of grain size on densification and the ability of ultra-
high heating rate to tailor the microstructure are non-negligible,
a sophisticated constitutive model coupled with a grain growth
law is urged.

In this work, conventional sintering and flash sintering of
8YSZ were compared by both experimental and numerical meth-
ods. Densification and grain growth were studied with the help of
FEM with coupled constitutive model and grain growth law.

2. Experimental Section

2.1. Sample Preparation

The starting material was a commercially available granulated
8YSZ powder with a theoretical density of 5.88 gcm ™ (Tosoh
Corporation, Japan). It had an average particle size of dso = 0.18 pm
(d10=10.08 pm, dgp = 37.26 pm). In this study, two types of green
bodies were prepared. For conventional dilatometry sintering, the
powder was uniaxially pressed in a cylindrical die at 100 MPa.
The pressed samples had a diameter of 8 mm and a height of
~4.5 mm. For flash sintering, 8YSZ powder was uniaxially pressed
within a dog-bone-shaped die at 100 MPa. These dog-bone-shaped
samples had a gauge length of 15 mm, a width of 3.3 mm, and a
thickness of ~2 mm. As the pressed green bodies were too fragile to
be connected to the electrodes, they were presintered at 900 °C for
60 min. Both cylinder-shaped and dog-bone-shaped samples had an
initial green density of approximately 42-45% measured by the
Archimedes method.

2.2. Conventional Sintering

Conventional sintering experiments were carried out in a push rod
dilatometer TMA 402 F1 (Netzsch, Germany) in air. 8YSZ green
samples were heated up to three sintering temperatures (1200,
1250, and 1300 °C) at a heating rate of 5 Kmin~". The dwell time
was 2 h for all the experiments. The extracted temperature-shrinkage
curves were converted to densification curves using the method
described in the work of Maca et al.l** To study the microstruc-
tural evolution, a series of isothermal interrupted sintering experi-
ments were designed. The sintering cycles include a heating rate
of 5 Kmin™!, sintering temperatures between 1300 and 1450 °C
with an interval of 50°C, and dwell times of 0, 12, 30, and
60 min for each sintering temperature. After the sintering experi-
ments, the densities of the sintered samples were measured using
the Archimedes method. The samples were thereafter metallo-
graphically prepared for the grain size analysis.
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2.3. Flash Sintering

The dog-bone-shaped samples were used to conduct the flash
sintering experiments. Isothermal flash sintering experiments
were carried out at a constant furnace temperature of 850 °C
in air. Each sample was placed in the furnace for 15 min before
a constant electric field of 100 V.cm ™! was applied. After the flash
event, the device was switched from voltage control to current con-
trol, with the current densities ranging from 25 to 125 mA mm ™~
(in steps of 25 mA mm™?). After holding the sample at each cur-
rent density for four different dwell times (15, 30, 60, and 1205),
the power supply was turned off. The experimental setup for flash
sintering is similar to that shown in the work of Cologna and
Raj,**! and the detailed procedure was described in the work of
Bhandari et al.*? After the process, the ear sections of the dog-
bone-shaped samples were removed; the gauge sections were then
characterized regarding the density and the microstructure.
Table 1 summarizes the experimental design for both conven-
tional sintering and flash sintering experiments.

2.4. Microstructure Characterization

After the sintering experiments, the microstructure of the sam-
ples of both isothermal interrupted conventional sintering and
flash sintering was characterized. The cylinder-shaped samples
were polished and thermally etched for 25 min at temperatures
of 150 °C lower than the corresponding sintering temperatures.
For dog-bone-shaped samples, the gauge sections were first
ground to the half of their thicknesses and then polished and
thermally etched. As the sintering temperatures were not able
to be measured during flash sintering experiments, the etching
temperatures for each experiment were set as 150 °C lower than
the corresponding simulated maximum temperatures. Simulation
procedure will be described in Section 3. Subsequently, gold was
sputtered on the polished surface to ensure sufficient conductivity
for the scanning electron microscopy (SEM) analysis. For cylinder-
shaped samples, two locations near the center of the samples were
chosen for the imaging. For dog-bone-shaped samples, to study
the electrical polarity effect on the samples during flash sintering,

Table 1. Summary of experimental design for sintering experiments.

Experiment Sintering condition Dwell time
Dilatometry sintering 1200°C 120 min
(to obtain densification curve) 1250°C 120 min
1300°C 120 min
Isothermal interrupted 1300°C 0, 12, 30, 60 min
conventional sintering 1350 °C 0. 12, 30, 60 min
(to characterize grain size)
1400 °C 0, 12, 30, 60 min
1450°C 0, 12, 30, 60 min
Isothermal interrupted 25mAmm~2 15, 30, 60, 120s
flash sintering 50 mA mm2 15, 30, 60, 120's
75 mAmm? 15, 30, 60, 120's

100 mA mm~2

125 mA mm™2

15, 30, 60, 120's
15, 30, 60, 120s
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SEM images were taken at three different positions along the
gauge section from the anode side to the cathode side (detailed
description can be found in Section 4.1.1). With the micrographs,
grain size measurements were performed using the linear inter-
cept method with a dimensionality correction factor of 1.56.°!

3. Numerical Modeling

3.1. Finite Element Modeling

Finite element modeling is a convenient tool to replicate the
experimental observation and to study the interaction between
the electrical field, temperature profile, and sintering behavior
during flash sintering. In this study, coupled thermal-electrical-
structural models were established in the software ABAQUS/
Standard (v14, Simulia, Dassault Systémes). The temperature
evolution during flash sintering was first simulated based on
the well-known general balance equation.*®*”] The self-inte-
grated equations consider the heat generation due to Joule heat-
ing and the heat transfer due to conduction, convection, and
radiation. In addition, the material constitutive model was imple-
mented in a user subroutine UMAT of ABAQUS. Subsequently,
densification and grain growth were predicted for both conven-
tional sintering and flash sintering.

Material properties of 8YSZ were determined by different
standard thermophysical experiments. The thermal expansion
coefficient was measured using a horizontal dilatometer (DIL402C).
The specific heat capacity was measured by the dynamic differential
calorimeter (DSC 404 Pegasus NETZSCH, Germany) and the ther-
mal conductivity by laser flash equipment (LFA 427, NETZSCH,
Germany). On the other hand, mechanical properties such as
Young's modulus and Poisson’s ratio were measured by impulse
excitation technique (RFDA, IMCE NV, Belgium), for which an
Instron furnace was utilized and assembled with the testing system
to perform high-temperature measurement. Except for the thermal
conductivity, which was measured in argon to avoid oxidation of
graphite, all other properties were measured in air. To get an accu-
rate response of the material during the heating process, all the
material parameters were determined as a function of temperature.
Additionally, the dependence of the thermal conductivity on RD was
also considered in the measurements. For flash sintering, electrical
conductivity is an essential parameter because the change of the
resistance signals the onset of flash and determines the amount
of the produced Joule heating. In this study, the time-evolving cur-
rent and voltage values were extracted from the log data of corre-
sponding experiments. Therefore, along with the sample
geometry, the electrical conductivities can be obtained as time
dependent values. The contact resistance between the electrode
and the green bodies was not considered in the model, as a gener-
ous coating of Pt paste was applied in the holes of dog-bone samples
to mitigate the contact resistance.

For conventional sintering, different temperature profiles cor-
responding to the experimental sintering cycles were set on the
sample as boundary conditions, while an initial temperature of
850 °C was set for the dog-bone sample as predefined tempera-
ture field for the modeling of flash sintering. To ensure that cur-
rent flows through the sample, a current load with the value of
current density was applied to the interior of one hole and a 0
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electrical potential to the other hole. Current densities were
obtained by converting the time-evolving current values which
were extracted from the experimental log data to accurately rep-
licate the experimental conditions. Moreover, a radiation heat-
transfer interaction property was defined on the surface of the
sample. An emissivity coefficient of 0.7 from literature!**>"
was adopted in the numerical studies. The convection coefficient,
also known as heat transfer coefficient, was determined by an
additional calibration process, which was carried out by compar-
ing the different flash-onset temperatures of 8YSZ under differ-
ent electric fields between the simulation and experiments.>"
The model and the boundary conditions used in the calibration
process were also adapted according to the experimental setup in
the work of Yadav and Raj.’"! The 8YSZ powder used in their
work is from the same manufacturer as that used in the current
study. Therefore, the same material properties were imple-
mented for both the calibration and the subsequent simulation,
with the exception of electrical conductivity, which was defined as
a function of temperature (up to 800 °C) and taken from the work
of Zhang et al.* for the calibration process. A convection coef-
ficient of 34 W m™2 K~! was found to derive the best consistency
and therefore used as an input parameter for the simulation in
this study.

3.2. Constitutive Model

Material specific model was built based on the modified
Skorohod—Olevsky viscous sintering (SOVS) model combined
with a grain growth law. The original model was rooted in the
theological theory of sintering established by Skorohod.*®
Olevsky has modified the model for numerical simulations based
on continuum mechanics.”* Furthermore, Shinagawal®>>¢
adopted an Arrhenius-type function of the viscosity and expressed
the sintering stress as a function of density and grain size. These
modifications make the phenomenological constitutive model
suitable to describe the densification mechanism during sintering
and easy to implement for numerical simulation of sintering of
ceramic powders.””*® The constitutive equation for inelastic
strain rate is formulated as follows

1 1
117, )
&j = In-1 Gij"‘éy

2 (om +03) (1

2
9o
where p is the density, f = 1/(2.5y/1 — p), n is the shear viscosity
of the fully dense material, n is the exponential constant, and agj,
om, and o, represent the deviatoric stress tensor, the hydrostatic
stress, and the sintering stress, respectively. 8;; is the Kronecker

delta. The sintering stress o is expressed as

o :ﬂ N, [ﬁ(l_po)]%
6" p1-p) @

where y is the specific surface energy, ¢ is the correction factor for
sintering stress, G is the grain size, Nj is the fitting constant, and
o 1s the initial RD. The viscosity 7 is formulated as an Arrhenius-
type function

c.
1= CaTen(2) o
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where T'is the temperature; C,; and Cg, are material constants for
viscosity. Cy, can be expressed as a function of apparent activation
energy for densification Q4 and is given by C;; = Q4/R, where R
is the molar gas constant, and Q indicates the activation energy
for the material transport resulting in densification during
sintering.

The rate of density change, p, is defined based on the mass
conservation equation and can be expressed by the trace of
the strain rate tensor ¢, as follows

p=—péw (4)

In addition to densification, grain growth is also an influenc-
ing factor of the sintering process. The grain growth law used in
this study is shown as below**%

GP — Gy =Kt= Kotexp(—%) (5)

where ¢ is the time, K|, is the pre-exponential constant, Q, is the
activation energy for grain growth, and p is the grain growth
exponent. With these constitutive equations and the grain growth
law, the model was implemented in the user subroutine UMAT
of ABAQUS to predict the densification and grain growth during
conventional and flash sintering.

4, Results

4.1. Experimental Results

4.1.1. Sintering Analysis with Microstructural Characterization

Figure 1a shows the shrinkage curves and their corresponding
RD curves of dilatometry sintering experiments. It can be seen
that the samples sintered at 1300 °C for 2 h achieved almost full
densification. The sintering trajectory of 8YSZ can be obtained
from the isothermal interrupted conventional sintering experi-
ments by plotting grain size against RD for different sintering
temperatures and dwell times (Figure 1b). The number around
each colored dot represents the dwell time (min), and the sinter-
ing temperatures are distinguished by different colors. It can be
deducted from the graph that only neglectable grain growth
appears for a RD below 92%, above which the grains start to grow
significantly. When the density reaches the maximum and sta-
bilizes, the grains continue to grow with the increase of the dwell
time. The evolution of the grain sizes of the samples sintered at
1350 °C with four different dwell times is shown by the micro-
graphs in Figure 2.

For flash sintering, the measured densities of flash sintered
samples were plotted against current densities in Figure 3a.
The highest RD is around 95% which was reached at the current
density of 100 mA mm ™~ with the dwell time of 120, as well as
at 125 mAmm 2 for all dwell times. Abnormal values can be
observed in the graph, for instance, the relative density dropped
from 75 to 100 mA mm~? for the dwell times of both 30 and 60 s.
The deviation is mainly due to the divergence of the tempera-
tures of the samples at the same current density. During flash
sintering experiments, the dissipated power density has been
found to vary for different experiments even using the same
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Figure 1. Experimental results for conventional sintering: a) sintering shrinkage and RD as a function of time; b) sintering trajectory at different sintering
temperatures and with different dwell times. The dwell time (min) is indicated by the number around each colored dot.

Figure 2. Microstructural evolution of 8YSZ samples conventionally sin-
tered at 1350°C for a) O min, b) 12 min, c) 30 min, and d) 60 min.

The exact reason for the deviation is unclear but can likely be
attributed to the electrical contact resistance and the systematic
error of the device and the setup. Therefore, the temperature
rather than the current density is of interest for the analysis
of the densification behavior. In the following analysis, the tem-
peratures of the gauge sections of the dog-bone samples during
the isothermal period were extracted from the simulation and aver-
aged, which were subsequently adopted as the sintering temperature
for each flash sintering experiment. The plot of RD as a function of
temperature can be then constructed in Figure 3b. It can be seen that
the deviation of the relative densities at 100 mA mm > for 30 and
60 s in Figure 3a is mitigated in Figure 3b. The diagram reveals that
at around 1400°C, the maximum RD of around 95% can be
achieved within 15 s by flash sintering. This demonstrates that flash
sintering can significantly accelerate the sintering process and
achieve high densification of 8YSZ samples.

To characterize the grain size distribution in the flash sintered
dog-bone samples, the microstructure at three different positions
(position A, B, and C) was analyzed, as shown in Figure 4a. The
measured mean grain sizes of the sample flash sintered at 50,

current density, resulting in the variation of simulated temper-
atures (around 100 °C at high current densities) of the sample.

100, and 125 mA mm™2 for 30's were plotted for each position
in Figure 4c. The figure indicates a gradual decrease of grain size

@),00 (b)400
v t vvy 4% o
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[ ] [ ]
— p— [ ]
= 8o} ¢ " R 80| , A "
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Figure 3. RD of flash sintered samples: a) RD as a function of current density; b) RD as a function of temperature.
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Figure 4. Grain size analysis for flash sintering: a) schematic representation of the measured positions of the gauge section of dog-bone shaped samples;
b) microstructure at position A (near anode) of the sample flash sintered at 125 mA mm ™2 for 30's; ¢) grain sizes at position A, B, and C (corresponding to
the positions on the dog-bone sample) at different current densities for the dwell time of 30's; d) microstructure at position C (near cathode) of the

sample flash sintered at 125 mA mm™2 for 30s.

from the position near the anode side to that near the cathode
side. Although the grain sizes are almost the same at different
positions for the sample sintered at 50 mA mm™2, the gradient
enlarges with increasing current densities.

The micrographs at the positions close to the anode side (posi-
tion A) and the cathode side (position C) of the sample flash sin-
tered at 125 mA mm * for 30s are shown in Figure 4b,d. The
sample has a relative density of 95% and the grain size varies
from 1.26 to 2.05 pm from the cathode side to the anode side.
They are comparable to the grain sizes of conventional sintered
samples at similar densities. For example, the sample conven-
tionally sintered at 1400 °C for 30 min has a RD of 96% and a
grain size of 1.63 ym. The grain sizes of the flash sintered
8YSZ samples align also well with the sintering trajectory of con-
ventionally sintered 8YSZ samples.

4.1.2. Characterization of Densification

As there is only minor grain growth for the samples with a RD
below 92%, constant grain sizes were assumed. Only the dila-
tometry experimental data of the RD smaller than 92% were
utilized for the characterization of the densification behavior
and the determination of exponential parameters for densifi-
cation. For the calculation of densification, considering the
case of pressure-less sintering with isotropic shrinkage,
the strain rate can be formulated as Equation (6). With the

Adv. Eng. Mater. 2023, 25, 2201744 2201744 (6 of 14)

substitution of 6,7, and f, Equation (7) can be then obtained.
To determine the exponent constant m (Equation (8)),
Equation (7) was rewritten as the double logarithmic form
given in Equation (9), where K, and K, are constants. By keep-
ing the temperature T invariable and assuming a constant
grain size G in our case, the left-hand side of Equation (9)
against Inp can be plotted.

p 1 1 20,

W T ©
. K 2
L)t 7)
4 CslTexp(Q—T)
m:Ns—Zn—i—A—; (8)
In|?. sl =mlnp+ K, 9)
P (1=p)
P 1 Q4
In|T2 — | =—=4,g 10
n{ e )3] 21K (10)

The double logarithmic plots for the dilatometry sintering at
the temperatures of 1200, 1250, and 1300°C are shown in
Figure 5a. The results showed a linear feature and were fitted
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Figure 5. Parameter identification for densification: determination of parameter m for a) conventional sintering and c) flash sintering; determination of
apparent activation energy of densification Qy for b) conventional sintering and d) flash sintering.

by a linear function with a slope representing the parameter m. The
average value of m was calculated to be —4.69 £ 1.00. After the cal-
culation of exponential parameters, the apparent activation energy
for densification Q4 was determined. Equation (7) was rewritten in
the logarithmic form as shown in Equation (10). The left-hand side
of the equation is plotted as a function of —1/T in an Arrhenius
plot (Figure 5b); the dwell times of 10, 20, and 30 min were chosen
for the curves to ensure that the RD is below 92%. From the slopes
of the curves, the average activation energy for densification can be
obtained as 691 + 20kJ mol ™.

The same strategy was adopted to identify the exponential
parameters and the activation energy for densification for flash
sintering. Unlike the dilatometry sintering experiments, the
in situ shrinkage in the isothermal condition was unable to be
recorded by flash sintering experiments. Therefore, interrupted
isothermal experiments were designed to determine a densifica-
tion curve as a function of the dwell time, from which the den-
sification rate can be derived. However, the isothermal condition
is hard to fulfill for different experiments even using the same
current density. It can be seen from Figure 3 that a scatter of the

Adv. Eng. Mater. 2023, 25, 2201744 2201744 (7 of 14)

temperature exists for the same current density. Although the
deviation is not that large, a fitting strategy was still employed
for a more accurate parameter identification process. Based on
the data from Figure 3b, density curves were fitted for each dwell
time (Figure S1, Supporting Information). The density values at
1000, 1100, and 1200 °C are read from the fitted curves and
extracted for the identification process. To determine the densi-
fication rate, the extracted relative densities were plotted against
dwell time for 1000, 1100, and 1200 °C (Figure S2, Supporting
Information). Subsequently, the parameter m and the apparent
activation energy for densification Q4 were determined using the
same way as for the conventional sintering. The linear regression
plots are shown in Figure 5c,d. The average value of m was cal-
culated to be —12.19 £ 0.90, and the activation energy Q4 was
424 + 17k mol ™%,

4.1.3. Characterization of Grain Growth

The measured grain sizes for conventional isothermal sintering
experiments were plotted as a function of the dwell time in

© 2023 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH

8518017 SUOWILLIOD SA1IER.1D 3ol dde 8y} Aq pausenob 8.8 saoie O ‘8sN JO S9N 10) Akeiq1]8UI|UO AB|IA UO (SUOHPUOD-PUE-SWLBILIY A8 1M Afe.q1 U UO//StL) SUORIPUOD PUe SWS L 84} 88S *[£202/TT/TZ] U0 ARIqIT8UIUO AB]IM 'BIUSD U01e8say HAWID LoIIne WwniuezsBunyosiod Aq v.T02202 Wepe/zo0T 0T/I0p/woo A8 |1mAleiqipuljuo//sdny woly papeojumoq ‘8T ‘€202 '879z.2ST


http://www.advancedsciencenews.com
http://www.aem-journal.com

ADVANCED
SCIENCE NEWS

ENGINEERING

www.advancedsciencenews.com

(a) 4
—e— 1450 °C
—e— 1400 °C
1350 °C
3 —e—1300°C

Grain Size [um]
N

—
= - I
O 1 1 1 1
12 26 40 54 68
Time [min]
Temperature [°C]
(€) 1727 1394 1155 977
25 : .
R QR =-21287
° 2=
Pl R2 = 0.9799
< QR =-20179
: 2 =
% 20l Q/R=-21070 - =0:8604
% R?=0.9742
E/ [ ]
- e 30s
31 o 60s
e 120s
_33 1 1
0.0005 0.0006 0.0007 0.0008

T K]

www.aem-journal.com

Temperature [°C]
(b) - 1500 1400 1300

° Q,/R=-66217
R?=0.9770
Q,/R =-70807
R?=0.9928

27+ Q/R=-75162
R?=0.9589

In(G>G2) [m?]
8

Q,/R = -64365 °

e Omin
31t e 12 min R%= 0.9893
e 30 min
e 60 min
-33¢ . . .
0.00054  0.00057 0.00060  0.00063  0.00066
1T [K]
Temperature [°C]
(d) 1727 1394 1155 977
25 : ;
Q,/R =-23790
27k o R2=0.9634
E
3 ol QR =-21918
) Qy/R = -25382 R2 = 0.9453
= R?=0.9485
e 30s Y
31 e 60s
e 120s
0.0005 0.0006 0.0007 0.0008

T [K]

Figure 6. Parameter identification for grain growth: a) grain growth during conventional isothermal sintering at temperatures from 1300 to 1450 °C;
b) determination of activation energy Q, for grain growth for conventional sintering; c) determination of activation energy Q, near the anode side of the

sample during flash sintering; d) determination of activation energy Q, near the cathode side of the sample during flash sintering.

Figure 6a. It shows that for the given dwell times, significant
grain growth only occurred at a temperature above 1300 °C.
Using the data from Figure 6a and rewriting Equation (5)
o (11), linear regression plots were constructed as shown in
Figure 6b. The value of grain growth exponent p was taken as
2 according to the literaturel®! for 8YSZ.

In(GP — Gf) = —% + InKy + Int (11)

The activation energy Q, can be determined by the slope of the
fitted linear curves in Figure 6b. The average value for the four
different temperatures was calculated to be 575 4 30 k] mol .

For flash sintering, different activation energies for grain growth
were assumed at different positions of the dog-bone sample due to
the electrical polarity. Therefore, the aforementioned parameter
identification method was used to determine Q, at three different
positions of the dog-bone samples, namely, near the anode, in the
middle, and near the cathode, which are labeled as positions A, B,
and C in Figure 4a. A similar approach to the current work has been
utilized to model the asymmetrical microstructure during field-
assisted sintering (FAST/SPS) of GDC.?” The temperatures were

Adv. Eng. Mater. 2023, 25, 2201744 2201744 (8 of 14)

extracted from the simulation models at each corresponding posi-
tion on the dog-bone sample for the analysis. The linear regression
plots are shown in Figure 6c,d for position A (anode) and C (cath-
ode). The plot for position B (middle) is given in Figure S3,
Supporting Information. The average activation energies of
17345, 189 + 12, and 197 4 14 k] mol ™" were obtained for the
anode, middle, and the cathode regions, respectively.

4.2. Simulation Results

4.2.1. Onset Temperature of Flash Sintering

The onset temperature of flash sintering, which is signaled by a
nonlinear rise in electrical conductivity and a surge in power dis-
sipation, has been found to be inversely related to the applied
electric field.[°?%31 As mentioned in Section 3.1, the convection
coefficient in the finite element model was calibrated by compar-
ing the flash-onset temperature between the numerical results
and the experimental data from the literature.P” A wide range
of electric field (from 100 to 4000 V cm ™) was applied in the sim-
ulation; thereafter, the temperature profiles of the gauge sections
of the dog-bone samples were extracted and averaged after the
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simulation. By plotting the temperature—time evolution curves,
the flash-onset temperature can be determined by the point,
where the abrupt increase of temperature occurs. Simulation
results show that the onset temperature decreases with increas-
ing electric field. By fitting the results with experimental data, the
parameter of convection coefficient was calibrated to be
34Wm *K™". The change of onset temperature with respect
to electric field is plotted in Figure 7 for both experiment and
simulation. The figure shows a very good agreement between
the numerical and experimental results. In addition, the simula-
tion with the electric fields higher than 4000V cm™ was also
conducted, and the results show a barely change of the onset tem-
perature, which indicates that a lower bound of the onset tem-
perature is already reached at 4000 Vcm™'. This observation
further confirms the hypothesis of the role of Debye temperature
on the onset temperature of flash sintering!®" by using the elec-
tric field that can hardly be realized in experiments.

600

500 K = Experiment_ref. [51]
— o Simulation_this study
O 400t §
o
Fo0f T,
g :::::::: ____ ‘.
E’ 200 | TR Ry

100 -

O 1 1 1 1
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Figure 7. Comparison of simulation results and experimental values from
ref. [51] of the flash-onset temperatures of 8YSZ with respect to different
electric fields.
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4.2.2. Temperature Distribution during Flash Sintering

To study the densification and grain growth during flash sinter-
ing, the temperature distribution in the sample must be first
investigated by FEM. The temperature evolution of the sample
was studied by extracting the average temperature of the gauge
sections of the dog-bone samples from the simulation results.
The evolution of the average temperature for the flash sintering
at the current densities of 25, 50, 75, and 100 mA mm ™2 with the
dwell time of 120 s is shown in Figure 8a. The curves show that it
only takes a few seconds to heat the sample from 850 °C to the
maximum temperatures after the onset of flash sintering. Then
the temperature stabilizes at the current-controlled period.
Figure 8b demonstrates the temperature distribution in the
dog-bone sample flash sintered at 100 mA mm ™2 for 120s. To
show the reached maximum temperature on the gauge section
of the sample, the model was cut along the xy-symmetry plane.
The center of the sample has the highest temperature which
decreases outward due to the thermal conduction and the radia-
tion of the sample to the environment. A temperature gradient of
around 150°C was observed for the sample flash sintered at
100 mA mm 2 with 120 s. However, it was found from the sim-
ulation results that the temperature gradient decreases with a
smaller current density. At a current density of 25 mA mm™2,
the temperature difference within the gauge section is only
around 30 °C.

Figure 8b demonstrates a symmetrical temperature distribution
for the flash sintered dog-bone sample. Some early studies!?2>-°)
on flash sintering of YSZ indicate an electrochemical reduction
of the material at the cathode side, which could reduce the elec-
trical resistance of the material near the cathode, and thus lead
to less heat dissipation at the cathode side and overheating at
the anode side. In our study, the effect of electrochemical reduc-
tion was not initially considered in the model due to the diffi-
culty in experimentally measuring the in situ local conductivity
of the dog-bone samples. Additionally, Biesuz et al.l**! found
that for the flash sintering of 8YSZ in “good contact” mode,
where the Pt paste instead of Pt wire was used on the contact
surface, the reduction of the cathode was much less evident and
the temperature distribution in the sample was symmetrical. In

(b)

Temperature [°C]

1450.0
1400.0

gauge section

Figure 8. Temperature simulation during flash sintering: a) mean temperature evolution for 25, 50, 75, and 100 mA mm ™2 with the dwell time of 120s;
b) temperature gradient in the dog-bone sample sintered at 100 mA mm™2 for 120's and cut along its xy-symmetry plane.
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the present work, a generous amount of Pt paste was applied
between the sample holes and the electrodes to minimize
the contact resistance. Therefore, a symmetrical temperature
is assumed for this study. Further discussion of the effect of
electrochemical reduction is given in Section 5.

4.2.3. Densification and Grain Growth

Upon the obtained constitutive parameters and the prediction of
the temperature, the densification and grain growth behavior
were also simulated for both conventional and flash sintering.
For the implementation of grain growth model for flash sinter-
ing, the experimentally determined activation energy and the fit-
ted pre-exponential parameters were adopted individually at the
anode, middle, and cathode regions. The identification process of
the activation energy was explained in Section 4.1.3. The grain
growth parameters for the intermediate and outermost regions
were determined using a linear interpolation method and were
defined in the subroutine. The simulated relative densities in the
gauge sections of the dog-bone samples were extracted and aver-
aged. As for the grain size, the results were extracted at the anode
(A), middle (B), and cathode (C) regions on its xy-symmetry
plane. For conventional sintering, the temperature is
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homogenous across the sample; thus, no specific requirement
is needed for the evaluation of the results. In the following,
the numerical results for both sintering techniques were com-
pared with the experimental data, which are shown in
Figure 9. In general, a good agreement between numerical
and experimental data is achieved for both densification and
grain growth. Relatively large deviation appears for flash sinter-
ing, which can be attributed to the difficulty of maintaining con-
sistency in measuring density and grain size for the same gauge
length/position of the dog-bone samples.

Furthermore, the density and grain size distributions are
demonstrated for the dog-bone sample flash sintered at
100 mA mm ™2 for 120 s in Figure 10. Figure 10a shows a density
gradient that decreases from the cathode side (right) to the anode
side (left), which might be highly related to the microstructural
asymmetry depicted in Figure 10b. The larger grain sizes at the
anode side can suppress further densification and lead to a
smaller density than at the cathode side.

5. Discussion

With the aid of simulation, flash sintering can be compared with
conventional sintering at similar sintering temperatures. To
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Figure 9. Experimental and simulation results of a) densification of conventional sintering at 1200, 1250, and 1300 °C for 2 h; b) densification of flash
sintering at 25, 50, 75, and 100 mA mm ™2 at the dwell time of 30, 60, and 120 s; c) grain growth of conventional sintering at 1350, 1400, and 1450 °C for 0,
12, 30, and 60 min; and d) grain growth of flash sintering at 25, 75, 100, and 125 mA mm~2 for 120s.
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Figure 10. Simulation results of flash sintered samples at 100 mA mm ™2 for 120's: a) density distribution in the entire dog-bone sample; b) grain size
distribution in the half of dog-bone sample cut along its xy-symmetry plane; A, B, and C indicate the positions where grain sizes were measured and

analyzed for the anode, the center, and the cathode, respectively.

Table 2. Comparison of conventional sintering and flash sintering at similar sintering temperatures.

Conventional sintering

Flash sintering

Temp. [°C] Dwell time [s] Heating rate [K min~] RD [%)] Temp. [°C] Dwell time [s] Heating rate [K min~"] RD [%)]
1200 60 5 52.9 17 15 3012 72.6
1300 60 5 .7 1294 30 2892 86.6
1350 720 5 88.7 1326 120 1393 93.7

study the effect of the heating rate on different sintering stages,
three temperature ranges were chosen for comparison; the
results of the selected simulations are shown in Table 2. It
can be seen from the table that flash sintering, compared to con-
ventional sintering, is able to achieve higher densification at rel-
atively lower sintering temperatures and with shorter dwell times
in all three cases. This reveals that the rapid densification during
flash sintering of 8YSZ is not a result of an extremely high tem-
perature. As the electric field has been found not to be the domi-
nating factor enabling the fast densification in flash sintering of
Zn0,B% 3YSZ,'%** and 8YSZ,* it is then assumed that Joule
heating is the main reason for this extremely fast densification in
the current study. Hence, the different sintering behavior between
conventional and flash sintering can be attributed to the heating
rate. Table 2 also shows that flash sintering can reach a heating
rate of 3000 Kmin ', which is significantly higher than
5Kmin~" for the conventional sintering. High heating rate is
believed to be able to suppress surface diffusion processes that
do not contribute to densification.!®” Consequently, the ceramic
samples can quickly reach high temperatures where grain bound-
ary diffusion dominates the mass transport during sintering.
An altered mass transport theory for flash sintering is also
implied by the different apparent activation energies of densifi-
cation. The calculated activation energy Q4 for conventional sin-
tering is 691+ 20kj mol™', which is consistent with the
literature value of 688-757kJmol™" for 8YSZ,*""** whereas
flash sintering has a much smaller value of 424 4 17 k] mol .
The ability of flash sintering to reduce the activation energy
for densification was also reported on uranium dioxide (UO,),
where the apparent activation energy was decreased from 380
to 108 kJ mol~*.”°! Additionally, the reduction of the apparent acti-
vation energy for sintering was also observed in other sintering

Adv. Eng. Mater. 2023, 25, 2201744 2201744 (11 of 14)

techniques with high heating rate, such as FAST/SPS,”>”" micro-
wave sintering”? and UHS.*>”? Although different sintering
methods use different sintering aids (pressure, electric field, elec-
tromagnetic field, etc.), their common feature, ultrahigh heating
rate, seems to be one of the major factors for changing the fun-
damental mass transport mechanism during sintering. It has been
indicated that surface diffusion normally increases the apparent
activation energy for densification.”* This supports the theory that
high heating rate can suppress surface diffusion, thereby decreas-
ing the activation energy and facilitating densification.
Although with much shorter sintering times, flash sintering of
8YSZ did not produce a finer grain size than conventional sin-
tering. In addition, a longer dwell time of flash sintering can lead
to an even larger grain size than conventional sintering. For
instance, for the samples with a RD of around 90%, the sample
flash sintered at 75 mA mm ™ for 120 s has an average grain size
of 0.96 pm, compared to 0.70 um of conventional sintered sam-
ple (1350°C for 12 min). Therefore, the grain growth behavior
during flash sintering is not a factor of the acceleration of den-
sification. On the contrary, the relatively faster grain growth
seems to hinder further densification of flash sintered samples.
This explains why the highest RD reached by flash sintering is
only 95% and a long dwell time was not able to further increase
the density. In contrast, almost full density can be achieved with
sufficient holding time by conventional sintering. The influence
of grain size on densification was also indicated by the simula-
tion results (Figure 10), where a locally large grain size corre-
sponds to a locally small density at the same temperature.
Microstructure characterization shows the largest grain sizes
on the anode side of the 8YSZ samples after flash sintering
(Figure 4c), which was also reported by Bhandari et al.**
However, such observation of anode-favored grain growth is
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Figure 11. Simulation results of a flash sintered sample at 100 mA mm™2 for 120 s applying the partial reduction of the electrical resistivity near the cathode
side: a) density distribution in the entire dog bone sample and b) grain size distribution in the half of dog-bone sample cut along its xy-symmetry plane.

in contrast to some previous studies on both 3YSZ and 8YSZ
materials,”>?*) which exhibited much larger grain sizes at the
cathode side than at the anode side. This was attributed to the
electrochemical reduction of the material at the cathode. Such
reduction can lower the migration barrier for diffusion and at
the same time increase the grain boundary mobility.?2?%! As
for the work of Bhandari et al., " the faster grain growth at the anode
side was explained by the temperature gradient induced by electro-
chemical reduction. Another observation of abnormal grain growth
at the anode was reported on ZnO by Zhang et al.'® In their work,
the microstructural asymmetry was attributed to the formation of
cation vacancies at the anode due to the local accumulation of free
electrons. The increase of cation vacancies could lead to a decrease of
activation energy of grain growth. The contrary findings of micro-
structural asymmetry during flash sintering imply that for different
materials and different sintering processes (for instance current den-
sity and holding time), flash sintering may induce different grain
growth enhancement mechanisms.

In this study, the theory of the accumulation of defects at the
anode is adopted to account for the abnormal grain growth near
the anode of the dog-bone sample. The activation energy for
grain growth was calculated individually at the anode, the center,
and the cathode regions. The results show a decrease in activa-
tion energy from the cathode (197 + 14 k] mol™") to the anode
(173 £ 5kJ mol™?), which corresponds to a higher grain bound-
ary mobility at the anode and thus a larger grain size compared to
the cathode. The simulation results also show a decrease of grain
size from the anode to the cathode side (Figure 10b), while the
local relative density shows an inverse gradient (Figure 10a).
However, considering the possible electrochemical reduction
near the cathode side starting before the onset of flash, the sim-
ulated density distribution might not represent that of the real
sample. A partial chemical reduction at the cathode can lead
to the decrease of electrical resistance, thus less Joule heating
and less densification near the cathode side. To study the influ-
ence of electrochemical reduction on the local density, a case
study was conducted by assigning the cathode region (marked
with black square in Figure 11), a smaller electrical resistivity
in the modeling. Figure 11 shows the simulation results obtained
by decreasing the electrical resistivity of 50% at the cathode
region for the whole flash process. By comparing Figure 10
and 11, it can be concluded that a partial reduction near the cath-
ode side delivers a more symmetrical density distribution,
whereas the grain size distribution is scarcely influenced.
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6. Summary

In this work, flash sintering of 8YSZ has been systematically
studied both experimentally and numerically. The results were
compared with that of conventional sintering to identify impor-
tant influencing factors. Additionally, the densification and grain
growth kinetics were also analyzed correspondingly. The drawn
conclusions are in the following: 1) Flash sintering can be used to
densify the green samples of 8YSZ to a RD of 95% at
125 mA mm ™2 within 30s. Based on the simulation results of
the thermal history and the comparison with conventional sinter-
ing, the rapid densification was attributed to the ultrahigh heat-
ing rate (2000-3000 Kmin ') rather than the high maximum
temperature. A decrease of the apparent activation energy for
densification in flash sintering indicates an enhanced mass
transport, which is plausibly induced by ultrahigh heating rate
that suppresses the surface diffusion and enhances the grain
boundary diffusion. 2) Flash onset temperature has been simu-
lated at different electric fields, and an inverse relationship
between the onset temperature and the electric field was obtained,
which matches the experimental observation of 8YSZ. This
numerical reproduction confirms the theory of Debye temperature
as the lower boundary of the flash onset temperature of 8YSZ.
3) Microstructural asymmetry caused by electrical polarity during
flash sintering of 8YSZ was studied experimentally and numeri-
cally. Larger grain sizes were observed at the anode side compared
to the cathode side, which corresponds to a smaller activation
energy for grain growth at the anode side. With the separately
implemented activation energies at different positions, inhomoge-
neous grain growth behavior was successfully simulated.
Furthermore, the densification during flash sintering was also pre-
dicted by simulation, which reveals a good agreement with the
experimental data. 4) Simulation models with and without the con-
sideration of the factor of electrochemical reduction show different
density distributions in the dog-bone samples. A more accurate
description of the electrochemical reduction in the model needs
to be given in the future by real measurement of the local electrical
conductivity in the dog-bone samples during flash sintering.
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