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Study of Ultrafast High-Temperature Sintering and Flash

Sintering
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Martin Bram, and Christoph Broeckmann

Electric current-assisted sintering (ECAS) is a promising powder consolidation
technique that can achieve short-term sintering with high heating rates.
Currently, main methods of performing ECAS are indirect heating of the powder
compact in a conductive tool or direct heating with current flowing through the
powder compact. Various influencing factors have been identified to explain the
rapid densification during ECAS, such as ultrahigh heating rates, extra-high
temperatures, and electric field. However, the key consolidation-enhancing factor
is still under debate. This study aims at understanding the role of heating rate on
the enhanced densification during ECAS of 8 mol% Y,0;-stabilized ZrO, (8YSZ)
by experimental and numerical methods. Two different heating modes, ultrafast
high-temperature sintering (UHS, indirect heating) and flash sintering (FS, direct
heating), are studied. The novel UHS technique is successfully applied to con-
solidate the 8YSZ samples. Additionally, finite element methods (FEM) combined
with a constitutive model is adopted to predict the densification and grain
growth. Furthermore, a comparison of UHS and FS is performed to investigate
the thermal effect (heating rate) and athermal effect (electric field) individually.
The results indicate that the high heating rate is the key factor of the rapid

materials. However, as these energy-inten-
sive processes have a strong negative envi-
ronmental impact, novel sintering
techniques with higher energy efficiency
are  highly demanded. Promising
approaches are the use of additional pro-
cess control parameters like pressure,’™!
sintering aids,**! and electric field.[*”
Besides the low furnace temperature and
reduced sintering time, these techniques
bring auxiliary benefits including fine
grain size®?! and improved mechanical
properties.['”!

Electric  current-assisted  sintering
(ECAS) techniques have attracted consider-
able attentions over the last few decades.
ECAS is a class of consolidation methods
in which the application of an electric field
allows an ultrahigh heating rate and a sig-
nificant reduction in sintering time.l'*™"*
The rapid heating and enhanced densifica-

densification during UHS and FS of 8YSZ.

1. Introduction

The sintering of ceramic materials normally requires high
energy consumption and long processing times. For traditional
sintering techniques, such as free sintering in conventional fur-
naces, high temperatures up to 2000 °C and long dwell times for
several hours are commonly used for producing ceramic

tion during ECAS can be achieved either by
direct heating of conductive ceramics by
the Joule effect or by indirect heating of
nonconductive powders in a conductive
tool. Field-assisted sintering technology/spark plasma sintering
(FAST/SPS)'***! can densify both conductive and nonconduc-
tive powders with the help of a conductive tool and external
pressure. Flash sintering (FS)!'®'”! utilizes thermal radiation
to heat the nonconductive samples to an onset temperature,
where current starts to flow through the sample with a thermal
runaway effect. Recently, a new sintering technology called
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ultrafast high-temperature sintering (UHS) was reported by
Wang et al.l"® In their study, two carbon strips were connected
to the electrodes and heated by Joule heating, and the powder com-
pact was placed between the strips and heated by radiation and con-
duction. It was found that the ceramic powder compacts were able
to be consolidated in a few seconds or minutes."*2% It was also
reported that the heating rate in UHS can reach 10°~10* Kmin ™"
which could significantly lower the apparent activation energy for
densification.'"®*"! Ultrahigh heating rate is believed to be able to
suppress the grain growth due to the very short time the sample is
at high temperature.”” As coarsening changes the local surface
curvature and thus decreases the driving force for sintering, the
fine grain sizes can facilitate the densification during sintering.
Furthermore, high heating rate allows bypassing the surface diffu-
sion stage which does not contribute to consolidation, and thus
enhance the densification and shorten the sintering time.”>**
Therefore, the key factor of the rapid densification during ECAS
was attributed to the high heating rate by many researchers.?>**l
However, other studies suggested that the effect of electric field in
FS and the extremely high maximum temperature of the sample
also play a role in the enhanced densification.!?**"!

To study the temperature profile of the ceramic sample for
investigating the densification mechanisms during ECAS,
modeling efforts have been made both on FSP'=* and
UHS®*263%] in recent years. Mishra et al.*®) adopted finite ele-
ment methods (FEM) to simulate the temperature distribution in
strontium titanite (STO) during UHS and found that the temper-
ature required to densify the ceramic green body by UHS is com-
parable to that by conventional sintering (CS). Dong et al.” used
the master sintering curve (MSC) approach combined with FEM
to predict the densification of 3 mol% yttria-stabilized zirconia
(3YSZ) during a thermally insulated UHS. In their study, the
apparent activation energy for densification was fitted as
680 kJ mol !, which is similar to the literature values of 3YSZ.
Therefore, they concluded that the previously claimed notable
heating rate effect on the activation energy for sintering is not
valid. However, the UHS experiments in their study were carried
out in argon atmosphere, whereas the CS experiments of 3YSZ
were conducted in air. It was reported that the densification of
3YSZ during sintering in argon is harder than in air,*® but a
clear explanation of this experimental finding is not given.
Considering the possible influence of the sintering atmosphere
on the activation energy for densification, the aforementioned
conclusion of no significant heating rate effect on the activation
energy is not convincible.

(a)

lqm
>

Figure 1. a) Experimental setup of UHS; b) simulation model of the UHS setup with defined boundary conditions.
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In this work, the densification and grain growth kinetics dur-
ing UHS of 8 mol% Y,03-stabilized ZrO, (8YSZ) were studied
both experimentally and numerically. As no current flows
through the sample during UHS, it has the advantage over FS
of excluding the athermal effect (electric field) and investigating
only the influence of heating rate on densification. A comparison
of the sintering behaviors of 8YSZ during UHS and FS was then
performed to study the role of heating rate and electric field on
the rapid densification. The study of FS of 8YSZ was reported in
our previous work.[*”!

2. Experimental Procedures

2.1. Specimen Preparation

For all UHS and FS experiments, 8YSZ powder produced by
Tosoh Corporation with an average particle size of 0.18 pm
was employed. The starting powder was uniaxially pressed into
pellet-shaped powder compacts with a pressure of 100 MPa for
UHS experiments. The samples had a diameter of 8 mm and a
thickness of 1-1.2 mm. Afterward the powder compacts were
presintered in a furnace at the temperature of 1000°C for
60min to avoid the formation of entrapped gases during
UHS. For FS, dog bone-shaped samples were produced by uni-
axial pressing at 100 MPa. The samples have a gauge length of
15mm, a width of 3.3mm, and a thickness of 1.8-2.1 mm.
Subsequently, a presintering at 900 °C for 60 min was carried
out on the green bodies. The detailed description of the specimen
preparation and experimental procedures of FS was reported in
another study®! and is not repeated in this article. A starting
relative density (RD) of 45% =+ 2% was determined on the pre-
sintered powder compacts for both UHS and FS.

2.2. Sintering Experiments

The UHS setup was custom-made and consists of two copper
electrodes and a carbon felt (40 mm x 9.5 mm x 4 mm). A 9 mm
length slit was cut in the middle of the carbon felt, and the 8YSZ
pellet-shaped powder compact was put in the center of the felt.
A good contact between the electrode and the felt was ensured by
tightening the screws on the electrodes to allow the current to
flow through the carbon felt. The schematic diagram of the setup
is illustrated in the work of Mishra et al.”® and shown in
Figure 1a. The setup was operated in a chamber filled with argon
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to prevent oxidation of the carbon felt. An AC/DC power source
(TruPlasma Bipolar Series 4000, Trumpf Hiittinger) was used to
produce the electric current. After the chamber was evacuated
(<0.2mbar), it was filled with argon at a constant gas flow of
10 Lmin . Subsequently, a DC electric current of 10-13 A with
1 A interval was applied to the carbon felt by metallic copper elec-
trodes. The Joule heating induced fast heating of the carbon felt,
and the sample was heated by thermal conduction and radiation.
After the current reached the desired values, it was held for four
different dwell times of 30, 60, 90, and 120s. Those 16 inter-
rupted isothermal experiments were used for parameter identi-
fication for the sintering model. An additional experiment with a
current of 15 A and a dwell time of 30 s was performed to study
the sintering behavior at high current level. Finally, the power
source was switched off and the chamber was evacuated again
to remove the argon. After cooling, the sintered samples were
taken out of the carbon felt and their densities were measured
by the Archimedes method. During the experiments, the sample
temperature could not be measured adequately due to the ultra-
high heating rates. As discussed in more detail later, heating
rates of 8YSZ samples in the case of UHS experiments were
in the range of 2000-3000 Kmin ' depending on the current
level. However, a pyrometer was used to measure the highest
temperatures reached on the top surface of the carbon felt.
Furthermore, in a previous work,*® a thermal couple, nickel-
chromium wires, and platinum wires were used to determine
the highest temperatures of the inner surface of the carbon felt
at different currents. The measurements above help us to
verify the simulation results of the temperature distribution in
the carbon felt, thus allowing us to estimate the sample
temperatures.

For comparison, CS experiments were also carried out in a
push rod dilatometer TMA 402 F1 (Netzsch, Germany). The
cylinder-shaped samples with a diameter of 8 mm were sintered
in argon atmosphere to keep the consistency with the UHS
experiments. For all dilatometer experiments, a heating rate of
5Kmin~"' was applied. Different sintering cycles were used
for the conventional experiments. The processing parameters
of dilatometer sintering as well as the UHS are summarized in
Table 1. For UHS, the average temperatures of the sample are
estimated to be 1100-1500 °C for the given currents (10-15 A)
and dwell times according to the simulation.

Table 1. Summary of experimental parameters for the sintering
experiments.

Experiment Sintering condition Dwell time

UHS 10A 30, 60, 90, 120s
1A 30, 60, 90, 120s
12A 30, 60, 90, 120s
13A 30, 60, 90, 120 s
15A 30s

Dilatometry sintering 1450°C 0 min

1250°C 120 min
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2.3. Microstructure Characterization

To investigate the microstructure, the cross sections of the
pellet-shaped samples were polished and thermally etched at
temperatures of around 150 °C lower than the corresponding
sintering temperatures for 30 min. The sintering temperatures
at the center of the pellet samples were determined by finite ele-
ment simulations. Subsequently, a gold layer was sputtered on
the polished surface using a sputter coaster (Bal-Tec SCD 050,
USA), and the microstructure at the center of the cross section
of each sample was analyzed by the scanning electron micros-
copy (SEM) in a Helios Nanolab G3 CX dual-beam focused ion
beam (FIB)-SEM (Thermo Fisher Scientific, USA). To determine
the average grain size, the linear intercept method was adopted
using “Lince-Linear Intercept 2.4.2” software (Nichtmetallisch
anorganische Werkstoffe, FB 11, TU Darmstadt, Germany).
The grain sizes were measured and calculated according to the
standard DIN EN ISO 13383-1 with a conversion factor of 1.56.1*%)

3. Numerical Modeling

3.1. Finite Element Modeling

To study the influence of the sintering temperature and the
heating rate on the densification, the exact thermal profile of
the sample is required. As it is experimentally unrealistic to
record the temperature evolution during UHS, it is essential
to use FEM modeling to predict the temperature distribution
and thermal history of the 8YSZ sample. To this end, a coupled
thermal—electrical-structural model was built in the commercial
FEM software ABAQUS/Standard (v14, Simulia, Dassault
Systémes) in this work. The UHS setup of copper electrodes, car-
bon felt, and 8YSZ pellet sample was modeled. The temperatures
were calculated based on the self-integrated balance equations***°!
in ABAQUS, which consider the heat generation induced by Joule
heating and the heat transfer by conduction, convection, and
radiation. To predict the densification and grain growth during
UHS, a constitutive model incorporated with a grain growth
law was implemented in a user subroutine UMAT of ABAQUS.

Material properties of 8YSZ, such as thermal conductivity,
thermal expansion coefficient, specific heat capacity, Young’s
modulus, and Poisson’s ratio, were adopted from the recent
work.*”) The thermal and electrical properties of carbon felt
and copper electrodes were obtained as described in the previous
work on UHS of STO.?®! To simulate the UHS process, a surface
current density was defined on one side of the electrode-felt con-
tact surface, while the other side was defined with a boundary
condition of the electrical potential of 0 V. In addition, the surface
radiation and the heat conduction of the carbon felt were also
considered as boundary conditions. A heat transfer coefficient
of 70 W m™* K ' adopted in the model was obtained by a calibra-
tion process that compares the simulated surface temperatures
with that experimentally measured from the pyrometer. During
UHS, the carbon felt was stretched out before it was tightly fixed
by two copper electrodes with the screws. In this way, a very good
contact was ensured both for the electrode-felt and the felt-
sample contact surfaces. Therefore, the thermal contact resis-
tance was insignificant, and thus neglected in the model.
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The experimental setup and the simulation model are shown in
Figure 1.

3.2. Constitutive Model

In this study, a continuum mechanics (CM) model combined
with a grain growth law was employed for the prediction of
the densification and grain growth during UHS. One of the most
widely used CM models is the Skorohod—Olevsky viscous sinter-
ing (SOVS) model,*"*? which considers a porous body as a
two-phase material including a porous body skeleton phase
and a void phase. The sintering stress in the constitutive model
can be expressed as a function of grain size and density. In this
work, Shinagawa’s modification was adopted to the SOVS model,
in which the constitutive equation for inelastic strain rate is for-
mulated as follows!*>**

11T, 2
€)= 3 1 %"‘%W("m"‘gs) (1)

o, 2)

_ 4 N [p(=py)
“%” {Po(l—/’)]

where 7 is the shear viscosity of the fully dense material; » is the
exponential constant; f = 1/(2.5y/1 - p); and o}, oy, o repre-
sent the deviatoric stress tensor, the hydrostatic stress, and
the sintering stress, respectively. §; is the Kronecker delta, y
is the specific surface energy, ¢ is the correction factor for sinter-
ing stress, G is the grain size, N is the fitting constant, and p, is
the initial RD. The viscosity # is formulated as an Arrhenius-type
function with temperature dependency!*”’

C,
n= cslTexp(Tz> (3)

where T is the temperature; Cg; and C,, are material constants
for viscosity. Cg, can be expressed as a function of apparent acti-
vation energy for material transport resulting in densification Q4
and is given by Cy; = Q4/R, where R is the molar gas constant.

(a)

Pyrometer Temperature [°C]

1525.0
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According to mass conservation, the rate of density change, p,
is defined Dby the trace of the strain rate tensor, &y, as follows

p=—ptu (4)

The constitutive equations indicate that the grain growth
during sintering affects the sintering stress, and thus influences
the final density. Therefore, a grain growth law is utilized and

described by the following equation!*®*”!
GP—Gh =K %
— Gy = t= Kot exp 7ﬁ (5)

where K| is the pre-exponential constant, Q, is the activation
energy for grain growth, and p is the grain growth exponent.
Both the constitutive equations and the grain growth law were
implemented in the user subroutine UMAT of ABAQUS to pre-
dict the densification and grain growth during UHS process.

4, Results and Discussion

4.1. Temperature Distribution during UHS

The simulation result of the temperature distribution in the UHS
setup at 13 A for 30 s is shown in Figure 2a. The cross section of
the carbon felt reveals a large temperature gradient from the sur-
face to the core of the felt, while along the path of the current, the
gradient between the two electrodes is small. Additionally, the
stabilized temperatures at different currents are demonstrated
in Figure 2b, where the blue dots and the blue triangles indicate
the temperature on the top surface of the carbon felt from the
simulations and the experiments, respectively, and the red dots
are the simulated sample temperatures averaged over the whole
pellet. It can be seen that the simulated surface temperatures
match closely with the temperatures measured by the pyrometer.
However, the sample temperatures are much higher than the
surface temperatures of the carbon felt. The validation of the
temperature simulation for the inner surface of the carbon felt
was reported elsewhere.*%)

(b) 1600 - A Exp.-Surface = -
—eo— Sim.-Surface sz
—e— Sim.-Sample avg. P
_ 1400 | s
o <
" -
2 12001 s
g [ 4
: -
© 1000 | Pt
& sall
800 e

9 10 11 12 13 14 15 16
Current [A]

Figure 2. a) Simulated temperature gradient in the UHS setup at the maximum current of 13 A for 30 s, cut along the length of the carbon felt at the half-
width position. b) Experimental and simulation results of the stabilized temperatures on the surface of the carbon felt and those of the sample at different

maximum currents.
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4.2. Densification during UHS

In this study, the interrupted isothermal UHS experiments with
the dwell times up to 2 min were conducted to obtain the model-
ing parameters. The RD of the pellet samples were measured
after the sintering experiments, and the results are given in
Figure 3. It shows that for a dwell time above 1 min, an almost
full densification (RD > 97%) can be achieved at the maximum
current of 13 A, which corresponds to a simulated average sam-
ple temperature of 1439 °C. At the maximum current of 15 A,
8YSZ sample can be densified in 30 s. For comparison, dilatom-
etry sintering experiments with a heating rate of 5 K min ™" were
carried out on 8YSZ samples in argon. The results show that a
RD of ~95% of the 8YSZ sample can be achieved by sintering at
1450 °C with no holding time. This is similar to the sample tem-
perature at the maximum current of 13 A during UHS, although
much longer total processing time was needed for CS (=~10h)
compared to UHS (< 20 min). It is worth noting that most of
the processing time of UHS is for evacuation and filling the
chamber with argon (=16 min). Full cycle time could be reduced
to a few minutes by using a stronger vacuum pump and a higher
argon flow rate. From the comparison of UHS and CS, it can be
concluded that no extremely high sample temperature played a
role in the densification of 8YSZ during UHS. As the samples
were heated only by thermal conduction and radiation, the influ-
ence of electric field can also be excluded. Hence, the ultrahigh
heating rate seems to be the dominant factor that enhances den-
sification. The influence of heating rate on densification will be
discussed in later chapters.

The modeling parameters were determined by the linear
regression plots. The detailed identification process was
explained in the previous work on FS.*”! The same strategy
was adopted for the modeling of UHS in this study. The activa-
tion energies for the densification Q4 and for the grain growth
Q, were calculated to be 246 and 405 k] mol ™. With the deter-
mined model parameters, the densification during UHS was
simulated and the comparisons of numerical and experimental
results are summarized in Table 2.

100 -
- | |
= A [ ]
é [ ]
,-é‘ v
% 80 |-
a I
=
© = 30s
¢ 60F I . e 60s
° A 90s
" v 120s
40 1 1 1 1

10 11 12 13 14 15
Current [A]

Figure 3. Experimental results of RD of UHS sintered
samples at different maximum currents and dwell times. Presintered green
bodies had a RD of 45% =+ 2%.
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Table 2. Comparison of simulation and experimental results of
densification.

Current [A] Relative density [%]
60 [s] 90 [s] 120 [s]
Exp. Sim. Exp. Sim. Exp. Sim.
10 55.3 50.4 58.6 58.0 60.5 65.5
11 72.0 60.4 74.6 75.7 85.0 86.0
12 89.1 75.8 91.8 89.6 95.0 96.4
13 96.6 85.3 96.0 95.7 98.6 99.6

The table shows a good agreement between the numerical and
experimental results for the UHS sintered samples with long
dwell times (>60s), whereas for the short dwell times (<60 s),
an underestimation of the simulation results was observed.
The reason for the deviation of the simulation results with short
dwell times could be attributed to the inaccuracy of the simulated
heat-up time. The heat-up time denotes the time needed for the
8YSZ sample to reach its highest temperature and stabilize.
Unlike the carbon felt, of which the temperature peaks in 3 s,*°!
the 8YSZ sample generally takes 30-40 s to reach its highest tem-
perature based on the simulation results. However, the tempera-
ture simulation was first carried out without considering the
shrinkage of the sample, which could lead to an imprecise pre-
diction of the temperature evolution before the maximum value
is reached. In reality, the sample could already reach the highest
temperature before the simulated peak time; thus, the real den-
sities of the samples with short dwell times are higher than sim-
ulated values. With the increase of the dwell time, the impact of
this model deficiency becomes smaller, as the stabilized highest
temperatures were relatively accurately predicted.*®

In Figure 4, the UHS sintered samples at 11 A for 120 s and
13 A for 120s are demonstrated. Their simulated density and
temperature distributions are shown alongside. The blackening
of the sample surface after UHS was resulted from the carbother-
mal reduction.””*® With a higher current level, the blackening is
more evident. However, this only occurs on the surface of the
pellet sample and can be removed easily by grinding.
Moreover, after sintering at 11 A, it was found that the diameter
of the real sample along the x-axis, where the current flows
through the carbon felt, is smaller than that along the z-axis.
This irregular shape of the pellet sample can be explained by
the inhomogeneity of the density and temperature distribution
shown in Figure 4, where the density and temperature along
the diameter aligned with the z-axis are smaller than that aligned
with the x-axis. Thus, the shrinkage along the diameter aligned
with the z-axis is smaller than that aligned with the x-axis. This
density gradient decreases with increasing maximum current
during UHS. As can be seen in the figure, the density gradient
in the sample of 13 A is much smaller than that of 11 A.
However, the temperature gradient remains distinct even at high
maximum currents. The temperature inhomogeneity is induced
by the rapid heat dissipation to the environment through conduc-
tion and radiation, therefore, can be suppressed by a thermal
insulator.””) Additionally, the simulation results reveal that the
largest heat dissipation appears at the ends of the pellet sample
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-

13 A, 120 s (RD 98.6%)
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Figure 4. Optical image (up), simulation of RD distribution (middle), and simulation of temperature distribution (down) of UHS sintered samples at 11 A

for 120s (left) and 13 A for 120's (right).

close to the opening of the carbon felt. Hence, the temperature
gradient can be mitigated by increasing the width of the carbon
felt. The downside of a wider carbon felt is that the current density
decreases proportionally. In future works, FEM modeling can be
used to guide the modification of the experimental setup in two
ways to achieve a more homogenous sample temperature: on the
one hand, different widths and shapes of the carbon felt as well as
the sample can be adjusted to find a criterion, for instance, a crit-
ical ratio of the sample width to the carbon felt width, at which the
sample can be densified at an affordable energy expense with the
minimum temperature gradient. On the other hand, the current
profile can be modified (e.g., a stepwise mode) in the model to
allow a gradual increment in the temperature, which can also
decrease the temperature gradient in the sample. This numerical

1A, 120 s

12A,120 s

strategy has significant potential to reduce the thermal stress in
the sample, and thus prevent cracking when scaling up the sam-
ple size.

4.3. Grain Growth during UHS

Figure 5 shows the microstructures at the center of the polished
and etched cross sections of the UHS sintered samples at differ-
ent currents with 120 s. The SEM micrographs indicate that the
average grain size of the 8YSZ sample increases with increasing
current for the same dwell time. Moreover, the grain continues to
grow with increasing dwell time, as shown in the experimental
results of Figure 6a. At 13 A for 120, the sample was almost

13A,120 s

Figure 5. SEM micrographs of the UHS sintered 8YSZ samples at the maximum currents of 11, 12, and 13 A for 120 s in argon atmosphere.
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Figure 6. a) Comparison of simulation and experimental results of grain sizes of UHS sintered samples at 11, 12, and 13 A. b) Simulation result of grain
size distribution in the UHS sintered sample at 12 A for 120 s and the comparison between experimental and simulation results of the grain size at the

position x, y, and z.

fully densified with a grain size of 1.9 pm, which is comparable to
the grain size of the conventionally sintered 8YSZ samples. The
grain growth behavior during UHS reveals that the rapid densi-
fication is unlikely due to a fine-grained microstructure caused by
the ultrahigh heating rate.

Figure 6a compares the experimental and numerical results of
the grain size evolutions with respect to the dwell time at
different maximum currents. A good agreement between the
experimental and numerical values is achieved with long dwell
times (>60s); with the dwell time of 30s, simulation results
show an underestimation of the real grain sizes. This inaccurate
prediction corresponds to the simulation results of the densifi-
cation and can be explained by the imprecise prediction of the
heat-up time during UHS.

Figure 6b demonstrates the grain size distribution in the sam-
ple that was sintered by UHS at 12 A for 120s. This grain size
inhomogeneity is caused by the temperature gradient in the
pellet-shaped sample. To verify the simulated grain size gradient,
three different locations, corresponding to the marked x, y, and z
in the graph, on the cross section of the half of the experimentally
produced pellet sample, were observed in the SEM. The grain
sizes of the three positions were measured and compared to

(a)
25f = FS
o UHS
20t
g
o 15} y
[ / /
& 10] "1
o {§/¥/
05} %:
Fo------ tp-dit

00 1 1 1
55 60 65 70 75 80 85 90 95 100
Relative Density [%]

the simulation results, as shown in the inset table of
Figure 6b. It can be seen that the center of the cross section
(position y) has the largest grain size, whereas the grain sizes
at the two sides (x and z) are smaller than the center and similar
to each other. This symmetrical grain size distribution was accu-
rately predicted by the simulation.

4.4. Comparison of UHS and FS

UHS and FS have similar heating rates and both can densify
ceramic materials within tens of seconds. The difference
between the two techniques lies in the heating method of the
sample. In UHS, the sample is heated through thermal radiation
and conduction (indirectly by the electric field), whereas in FS the
current flows through the green body and the sample is heated by
Joule heating induced directly by the electric field. Therefore, to
investigate the role of heating rate and electric field on the sinter-
ing behavior of 8YSZ, it is essential to compare UHS and FS
regarding the densification and grain growth behaviors.

The sintering trajectories of the 8YSZ samples for FS, UHS,
and CS are plotted in Figure 7. The grain sizes were measured in
the center of the samples for FS, UHS, and CS to exclude the

(b)
25k ¢ CS
e UHS
20t
€
=
Q 15F
1) !
=
310— S
&
0.5 ii;¢’¥
s byt

0.0 1 1 1 1 1  ; 1 1
55 60 65 70 75 80 85 90 95 100
Relative Density [%]

Figure 7. Comparison of sintering trajectory of 8YSZ: a) flash sintered in air and UHS sintered in argon; b) conventionally sintered in air and UHS sintered

in argon.
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effect of electrical polarity. The values of RD are averages of the
whole sample/gauge section. It can be seen from Figure 7b that
the trajectories of CS and UHS align well with each other.
However, a slight difference in the slope of the trajectory between
FS and UHS can be observed in Figure 7a. At the RD above 85%,
the slope of the trajectory for FS is higher than that for UHS. The
larger slope indicates an early start of the grain growth during
sintering, and thus a more evident grain coarsening and limited
densification. However, the difference between the two trajecto-
ries is not evident and could be caused by measurement errors.
This difference can, nevertheless, be explained by the final den-
sity of the sintered samples: the largest RD achieved in 8YSZ of
UHS is 98.6%, whereas that for FS is only 95%. The possible
influencing factors for the sintering trajectory are heating rate,
atmosphere, and electric field. According to the temperature sim-
ulation, the average heating rate of UHS experiments of 8YSZ
does not exceed that of FS. Therefore, the less grain coarsening
in UHS cannot be explained by the suppression of grain growth
due to a higher heating rate. The sintering atmosphere was also
reported to influence the sintering behavior of ceramic
materials.**% Yan et al.”” found that a reducing atmosphere
produces a large grain size of BaTiO;. Additionally, it was
observed that the grain boundary mobility of Fe;O4 was inversely
proportional to the square root of the partial pressure of O,.
Ubenthiran et al.?®! have sintered 3YSZ both in air and argon
atmosphere. It was discovered that the grain sizes of the samples
sintered in argon are smaller than that in air with the same sin-
tering temperatures. Moreover, the densities achieved in argon
were also smaller than that in air. When a sintering trajectory is
constructed from the work of Ubenthiran, it can be seen that the
atmosphere does not influence the trajectory much. In this work,
UHS experiments were conducted in argon, which is an
oxygen-deficient environment. Based on the discussion above,
the atmosphere is not able to explain the smaller grain size in
UHS compared to FS either. Therefore, it can be concluded that
the different sintering behavior is most plausibly due to the
impact of the electric field, which was applied to the sample
in FS and absent in UHS. Electric field has been reported to
be able to redistribute point defects and change the grain bound-
ary mobility at the electrode sides during FS.®*** As the current
work analyzed the microstructure at the middle of the sample, it
is plausible to say that the defect redistribution could occur over
the entire sample during FS under the effect the electric field.

In the previous work on FS of 8YSZ,*”) CS and FS were com-
pared at similar sintering temperatures to study the influence of
the heating rate. The results are again shown here in Table 3.
In this study, the conventional dilatometry sintering experiments
were conducted on 8YSZ in argon to compare with UHS. The

Table 3. Comparison of CS and FS at similar temperatures in air.*”!

CS (air) FS (air)

Temp. Dwell ~ Heating rate  RD  Temp. Dwell Heating rate RD
q time[s]  [Kmin™] 9] [C] time[s] [KminT] (%]
1200 60 5 529 n7n 15 3012 72.6
1300 60 5 71.7 1294 30 2892 86.6
1350 120 5 88.7 1326 120 1393 93.7
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Table 4. Comparison of CS and UHS at similar temperatures in argon.

CS (argon) UHS (argon)

Temp.  Dwell Heating rate RD  Temp. Dwell Heating rate  RD
[°C] time[s] [Kmin] (%] [C] time?[s] [Kmin]  [%]
1102 0 5 453 1102 0 2573 57.8
1224 0 5 51.4 1224 0 2759 72.0
1335 0 5 71.9 1335 0 2976 91.9
1250 7200 5 77.8 1246 90 2573 85.0

AThe dwell times of UHS denote to the real dwell time of the samples.

densification curves were converted from the shrinkage curves
obtained from the dilatometer experiments. Different tempera-
tures and holding times were chosen for comparison, and the
corresponding densities were read from the densification curves.
The results are summarized in Table 4. It is important to note
that the dwell times of UHS in the table are the real dwell times
of the samples instead of the set dwell times of the experimental
procedure. Considering the heat-up times of the samples before
their highest temperatures were reached, the real dwell times
were obtained by subtracting the heat-up times from the set dwell
times during the experiments. The heat-up time was assumed to
be 30s during UHS based on the simulation results.

Table 3 shows that at similar sintering temperatures, FS can
achieve higher densification than CS with a shorter holding time.
The significantly higher heating rate of FS is believed to be
responsible for the enhanced densification. However, the role
of electric field cannot be completely excluded with respect to
the previous study. Table 4 reveals that pronounced increases
in the RD can be achieved by UHS at the same temperatures
with the same or shorter holding times compared with the
CS. By comparing the conclusions drawn from Table 3 and 4,
it is clear that our results support the correctness of the theory
of heating rate effect: the enhanced densification during both FS
and UHS is caused by the ultrahigh heating rate, which is in
accordance with fundamental works of Harmer et al.”” from
the early 1980s, while the influence of electric field in FS is
mostly on the grain growth. Furthermore, by comparing the
CS of 8YSZ in air and in argon, it can also be concluded that
the 8YSZ samples are more easily densified in air than in argon.

From the determined constitutive models, the activation
energy for densification of 8YSZ during UHS is 246 k] mol *,
which is much smaller than those of the CS (691kj mol™)
and the FS (424 k] mol™?) carried out in air.?”! As UHS experi-
ments were conducted in argon, a direct comparison is hard to
perform considering the effect of sintering atmosphere.
However, experiments show that at the same temperature, the
8YSZ samples were more densified in air than in argon. This
indicates a higher activation energy than 691 kj mol ™" for CS in
argon. Hence, a conclusion can be made that UHS substantially
decreases the apparent activation energy for densification
of 8YSZ. This observation also corresponds to the previous
studies."®*!) The change in the apparent activation energy of
densification can be correlated to the altered dominant mass
transport mechanism during sintering. It is known®®*”]
that the grain boundary diffusion is the predominant initial
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sintering mechanism for matter transport in yttria-stabilized zir-
conia, which is associated with an activation energy of
702-716 k] mol ! for CS of 8YSZ.*%>" The values are close to
those in our previous study on CS of 8YSZ (691kJmol™™).
The activation energy of lattice diffusion of 8YSZ varies between
223 and 460 k] mol ™" in the literature,'®**% which corresponds
to our results of UHS (246kJmol™") and FS (424 k] mol ™).
Therefore, it is likely that the sintering technique with high heat-
ing rate (UHS and FS) changes the dominant mass transport
mechanism of 8YSZ from grain boundary diffusion to lattice
diffusion. This conclusion is also consistent with the work of
Suarez et al.,'*¥ where the sintering mechanism of 8YSZ at a fast
heating rate (400-600 K min ') is found to be dominated by vol-
ume diffusion (lattice diffusion). However, a large discrepancy
exists in the literature on the activation energy of 8YSZ. For
example, a much lower activation energy (309 k] mol ') for grain
boundary diffusion than 702 k] mol " has also been reported for
8YSZ.[°!I The reason for the contradictory values could be attrib-
uted to the different experimental methods, particle sizes, initial
densities, and temperature ranges applied. On the other hand,
the sintering process is normally not dominated by a single
mechanism. In a practical case, various sintering mechanisms
often operate simultaneously. Thus, it is not easy to assign each
sintering technique to a single sintering mechanism based on
the calculated activation energies. In addition to grain boundary
diffusion and lattice diffusion, the densification-noncontributing
surface diffusion is believed to increase the apparent activation
energy for densification.[*®! As high heating rate can suppress
surface diffusion in the low-temperature range during UHS, a
decrease in the activation energy of densification during UHS
is expected.

5. Summaries

In this study, a novel UHS has been successfully applied to fully
consolidate 8YSZ material within 30s. The densification and
grain growth of 8YSZ during UHS were investigated both exper-
imentally and numerically. The results were compared with FS of
the 8YSZ to study the role of the heating rate on ECAS. The fol-
lowing conclusions can be drawn from this work: 1) The 8YSZ
samples can achieve almost full densification by UHS in argon at
15 A for 30, or at 13 A for 60 s. The maximum current of 13 A
corresponds to the highest average sample temperature of
1439 °C, which is comparable to the sintering temperature of
8YSZ in conventional furnaces. 2) The RD and grain size predic-
tion from the FEM match closely with the experimental observa-
tion for long dwell times (> 60 s), but do not match well for short
dwell times (< 60 s). The grain size inhomogeneity was success-
fully predicted for the UHS sintered sample at 12 A for 120s.
The results agree well with the experimental values. 3) The slope
of the sintering trajectory of the FS of the 8YSZ is a little bit larger
than that of UHS. This indicates a more evident grain coarsening
and limited densification for FS due to the effect of electric field.
4) UHS can make 8YSZ samples reach a higher density with the
same sintering temperatures and the same/shorter dwell times
compared with CS. The enhanced densification during both
UHS and FS can be contributed mainly to the ultrahigh heating
rate. 5) The apparent activation energy for densification of the
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8YSZ during UHS is 246 k] mol !, which is smaller than those
of CS and FS. The decrease in activation energy could be
attributed to the altered dominant mass transport mechanism
and the suppression of surface diffusion by the ultrahigh heating
rate of UHS.
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