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Abstract: Flash sintering of 8 mol % yttria-stabilized zirconia (8YSZ) as solid oxide fuel cell (SOFC) electrolyte is
studied. The relation between relative density, shrinkage, sample temperature during the flash, and incubation
time, with the electric field strength, current density, as well as contact paste, are modeled by response surface
methodology (RSM). The electric field strength and current density varied from 50 to 400 V.cm-1 and 50 to 200
mA.mm?, respectively. Also, platinum (Pt) and lanthanum strontium manganite (LSM) used as contact paste.
Results show that using LSM paste lead to higher density and more shrinkage compare with Pt paste. In contrary,
the electric field strength has no significant effect on density and shrinkage. However, a minimum electric field
strength equal to 80 V.iem™ is necessary for flash onset. As the field increases, the incubation time decreases
dramatically. Compare with samples with LSM paste, samples with Pt contact paste reach a higher temperature
during the flash. Flash sintered 8YSZ shows the mean grain size of 0.3 um, which is about half of the
conventionally sintered 8YSZ. Electrochemical Impedance Spectroscopy reveals despite lower mean grain size, the
resistivity of flash sintered 8YSZ is lower than conventionally sintered 8YSZ.

Keywords: 8YSZ, flash sintering, contact paste, platinum (Pt), lanthanum strontium manganite (LSM), current
density, electric field strength, Response Surface Method.

1. INTRODUCTION

8YSZ (zirconia stabilized with 8% mol yttria) is
the most commonly used electrolyte in solid
oxide fuel cells (SOFCs). The excellent ionic
conductivity at high-temperature, superior
stability in both reducing and oxidizing
atmosphere, and compatible thermal expansion
with other SOFC components have made it the
most proper electrolyte material [1, 2]. Sintering
of 8YSZ by conventional methods performs at
elevated temperature (above 1400 °C) with long
dwelling time (4-6 hours) [3, 4], which causes
unfavorable reactions and transformations,
composition changes, long process time, and
more process cost [5]. So, various efforts have
been done to sinter 8YSZ at lower temperatures
and shorter time. Up to now, microwave sintering,
spark plasma sintering, hot pressing, and high-
pressure sintering [4—8] have been applied.

Flash sintering (FS) as an innovative sintering
method has recieved more interest since its first
report [9]. Its capability to sinter materials in a
short time and low temperature made it a
promising method for the sintering of a vast range
of materials. The process involves applying an

electric field to a sample placed in an electric
furnace. The sintering onset is accompanied by a
non-linear increase in conductivity, which results
in a power surge and consequently, ultra-rapid
sintering. Thus far, various ceramics such as
oxygen ionic ceramics [9-12], protonic
conductors [13], and electronic conductors [14-
16] have been successfully densified using the
flash-sintering ~ technique. = Compared  to
conventional sintering processes, flash sintering
has several advantages. The boldest one is the
energy saving due to the drastic reduction of time
and temperature needed for ceramic densification.
The densification time for flash sintering is
typically a few seconds, whereas some hours are
needed for conventional processes [9-16]. The
low temperatures as well as the very short time in
flash sintering, can simplify manufacturing
processes, reduce capital costs, and mitigate
undesirable reactions [10]. Out of equilibrium
nature of flash sintering which arises from high
heating rates and short sintering times, making it a
proper method to sinter metastable materials and
avoid undesired phase transitions [17, 18]. The
main limitation of the flash sintering is “hot
spots” [19, 20], which is related to the formation
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of preferential paths for current passage,
especially in wide samples. Some technical
solutions have been developed to avoid hot spot
formation during flash sintering [21]. Local
contamination with contact pastes, which are used
to improve the electrical contact between
electrodes and the samples, is another limitation
of flash sintering. Herein, efforts led to the
development of contactless-flash sintering [22].
Yttria stabilized zirconia (YSZ) was the first and
one of the most considered materials sintered by
FS. A widespread range of electric field strength
and current density have been used by various
researchers to flash sinter stabilized zirconia but
the effects of process parameters on properties of
flash sintered YSZ are adequately unstudied, and
the optimum condition has not been reported yet.
Cologna et al. [10] performed flash sintering in a
non-isothermally manner and achieved a density
of 96 %. Downs et al. [11] reported that full
sintering did not occur with a DC field density of
2250 V.em™ at 390 °C. Steil et al. [23] achieved
89 % of theoretical density with an AC electric
field strength of 190 V.em' and the current
density of 60 mA.mm™ at 800 °C. Baraki et al.
[24] achieved a density of 79 % with an AC flash
sintering at 1150 °C for 3min whose applied
electric field strength and current density were
40 V.cm™ and 65 mA.mm?, respectively.

The design of experiments (DOE) involves
developing a set of experiments to study the
effect of experimental variables on a
phenomenon so that maximum information can
be extracted with a limited number of
experiments [25]. Among various DOE methods,
response surface methodology (RSM) helps to
quantify the relationships between one or more
measured characteristics and the vital input
factors to develop, improve, and optimize a
process. Where several variables potentially
influence the performance or characteristic of the
product or process, RSM is very beneficial. The
developed model between response and
independent variables by RSM can be used to
investigate the relationship between independent
variables and response to predict future
observations within the design range [26].

In this study, the Response surface method was
used to model the flash sintering of an 8YSZ

body by correlating parameters like electric field
strength, current density and contact paste to
relative density, sample temperature, shrinkage,
and incubation time. Established response
surfaces were used to analyze the process, and
the optimum sample was analyzed by scanning
electron microscopy (SEM), -electrochemical
impedance spectroscopy (EIS) and compared
with conventionally sintered one.

2. EXPERIMENTAL PROCEDURE

8YSZ slurry was produced by mixing
commercial 8YSZ powder (Tosoh Corp., Japan)
with ethanol and toluene as the solvent,
polyvinyl butyral (PVB) as the binder, benzyl
butyl phthalate (BBP) as the plasticizer, and
terpineol (MERCK) as the dispersant in a ball
mill. The composition of the slurry is listed in
table 1. The slurry was tape cast with a house-
made tape caster to the tapes with 90 um
thickness. The taps cut to the appropriate
dimension and laminated to a thickness of 300
um. The samples were cut to a dog-bone shaped
sample and heated to 1000 °C for binder burnout
[27]. Each end of the specimens was painted
with a contact paste. After curing the contact
pastes, the specimen were suspended in a tube
furnace with a pair of platinum wire as
electrodes. The furnace was heated up from
room temperature to 800 °C at the constant
heating rate of 10 °C.min"'. Before performing
flash sintering, the samples were held at 800 "C
for 30 min to ensure temperature uniformity. DC
field was applied to the sample with a power
generator (PAYA PAJOOHESH PARS, EPS
Universal), and voltage, and the passing current
was monitored by a digital multimeter (GW-
INSTEK GDM-397). Samples were held for 30
seconds at the flash condition. The process was
recorded by a digital camera equipped with an
IR filter. For comparison, a sample was
conventionally sintered in an electric furnace at
1400 °C for 4 hours with the increasing
temperature rate of 5 °C.min".

The temperature of samples during flash was
measured by using equation 1 according to the
relation proposed by Ambher et al. [28] for the
conductivity of 8YSZ:
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Where Jq.q, is current density in flashpoint, Eg,g,
is electric field strength in flashpoint, and Ty, is
sample temperature in flashpoint.

The relative density of samples was measured by
the Archimedes method. Shrinkage of samples
was measured by using the recorded image
before and after flash sintering. The
microstructure was characterized by scanning
electron microscopy (TESCAN-VEGA 1I).
Electrochemical impedance spectroscopy was
used to measure the conductivity of flash
sintered 8YSZ at 800 °C with a 10 mV AC signal
in the frequency of 10 mHz to IMHz.

Table 1. Slurry composition.

Material rule company Weight
percent
8YSZ Solid powder ~ Tosoh 51
Ethanol Solvent Merck 21
Toluene Solvent Merck 17
Terpineol Dispersant Merck 1
Benzyl butyl .. Sigma
phthalate Plasticizer 4} irich 3
Polyvinyl butyral Binder Sigma 5

Aldrich

To investigate the process parameter, the Design
of experiments/response surface methodology
was used. Design-Expert software was used to
design the experiments and analyze the data.
Electric field strength, current density, and the
type of contact paste were selected as
independent variables, and by using central
composite design the values of parameters were
determined. The limits of variables are listed in
table 2. These limits were chosen according to
power supply limits. Lanthanum strontium
manganite and platinum pastes were used as the
contact paste. The values of flash sintering
parameters for 2 numeric factors (electric field
strength and current density) and 1 categoric
factor (contact paste) with 5 replication for the
center point are listed in table 3. Relative
density, sample temperature, shrinkage, and
incubation time were chosen as responses.

Table 2. Limits of variables.

variable unit L.ow.'er U.pper
limits limits
Electric field Vem'! 50 400
strength
Current intensity ~mA.mm™ 50 200

3. RESULTS AND DISCUSSION

3.1. Flash Sintering Phenomenon

At 800 °C with electric field strength equal to
50 V.em™, no flash happened even after 10
minutes, i.e. a minimum electric field strength is
necessary for flash happening. By increasing
electric field strength stepwise, the flash
phenomena happened in 80 V.cm'. By
connecting the sample to the power supply, it
showed an incubation time depended on the
applied electric field strength (Figure 1). After
incubation time, the current passing the sample
started to increase, the electric field strength
dropped, and an intensely bright light was
emitted by the sample, which was accompanied
by an obvious shrinkage. After this stage, a
constant current equal to the current limit set on
the power supply passed the specimen. These
three stages typically are shown in Fig. 1.

s
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1
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1
Incubation time 1
1

00
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s

Time (sec)
Fig. 1. Typical Electric field strength and current
density passing the sample versus time during flash
sintering.

3.2. RSM Model Establishment

By using central composite design, 13 sets of
experiments were established for each contact
paste (four axial points, four factorial points and,
five replications for the central point). Points and
the order of the experiments were determined by
the Design-Expert software. Relative density,
sample temperature, shrinkage, and incubation
time were measured for each sample. Table 3
shows the design matrix and the corresponding
responses.

The data were analyzed by software, and the
best-fitting model was chosen for each response.
The ANOVA data of relative density, sample
temperature, shrinkage, and incubation time are
shown in tables 4 to 7, respectively. The ANOVA
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data, residual normal distribution diagrams, are accurate and can be used to describe the
residual vs. prediction plots, and prediction vs.  relationship between flash sintering and process
actual values of responses altogether suggested  parameters. Predicted models are shown in
that models proposed for each response (table 8),  Figures 2, 3, 5, and 6 graphically.

Table 3. Experimental condition and responses.

[ Downloaded from fn.iust.ac.ir on 2025-07-17 ]

Designed points Responses
Run Electric ﬁeld_lstrength Current del_lzsity Contact Re!ative Shrinkage Temperature Incubation time
(V.em™) (mA.mm™) paste density (%) (%) 0 (sec)
1 225 125 LSM 85.0373 14.6627 1088.5 1.52
2 225 125 Pt 79.2615 9.720786 1155 1
3 225 200 Pt 96.9268 14.44115 1337.9 1.4
4 225 50 Pt 73.2018 1.648352 917.2 1.62
5 348 70 Pt 67.6743 5.2145 957.02 0.44
6 225 50 LSM 71.7076 6.774194 906.4 1.36
7 101 176 LSM 93.9597 20.9362 1238.19 13
8 225 125 Pt 77.5336 8.09674 1194.22 1
9 400 125 Pt 81.85 11.51151 1200.25 0.5
10 225 200 LSM 96.3785 17.31602 1291 1.38
11 225 125 Pt 73.6141 4.495504 1141.3 0.9
12 348 176 LSM 93.1658 15.22989 1372.35 0.46
13 400 125 LSM 93.075 15.8757 1194 0.24
14 101 70 Pt 76.1629 6.387435 1008.24 14.6
15 50 125 Pt - - - -
16 225 125 LSM 90.2545 15.75177 1092.38 0.83
17 101 176 Pt 86.787 14.12602 1308.4 16.08
18 225 125 LSM 89.1058 15.5894 1085.36 1.52
19 225 125 LSM 90.263 15.3456 1090.01 1.52
20 348 176 Pt 91.3332 14.0121 1483.34 0.52
21 225 125 LSM 83.3197 13.6154 1094.52 0.42
22 225 125 Pt 75.2192 10.63395 1169.77 1.54
23 348 70 LSM 69.7249 9.05307 989.01 0.66
24 101 70 LSM 73.9693 9.381663 993.58 13
25 50 125 LSM - - - -
26 225 125 Pt 79.5657 10.54217 1194.22 1.34
Table 4. ANOVA analysis for relative density (linear model).
Source Sum of Squares df Mean Squared Fvalue p-value prob>F
Model 1.307E+006 2 6.536E+005 45.54 <0.0001 Significant
B- Current density 1.126E+006 1 1.126E+006 78.46 <0.0001
C-contact paste 1.810E+005 1 1.810E+005 12.61 0.0019
Residual 3.014E+005 21 14352.16
Lack of fit 2.765E+005 19 14553.50 1.17 0.5589 Not significant
Pure Error 24878.81 2 12439.40
Cor Total 1.609E+006 23

[ DOI: 10.22068/ijmse.17.4.93 ]
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Table 5. ANOVA analysis for sample temperature (2FI model).

df Mean Squared Fvalue p-value prob>F

Source Sum of Squares
Model 8.105E+004
A-electric field strength 2.170E+005
B- Current density 7.399E+004
C-contact paste 2.590E+005
AB 2.278E+005
Residual 4.552E+005
Lack of fit 4.544E+005
Pure Error 8.124E+008
Cor Total 8.560E+004

4
1
1
1
1

19
17
2

23

2.026E+004 84.57 <0.0001 Significant
2.170E+005 9.06 0.0072

7.399E+004 308.83 <0.0001

2.590E+005 10.81 0.0039

2.278E+005 9.51 0.0061

2.396E+006

2.673E+006 65.81 0.5101 Not significant
4.062E+008

Table 6. ANOVA analysis for shrinkage (linear model).

df Mean Squared F value p-value prob>F

Source Sum of Squares
Model 1377.48

B- Current density 906.86
C-contact paste 470.42
Residual 224.58
Lack of fit 236.12
Pure Error 8.46

Cor Total 1622.06

2
1
1

19
2
23

688.74 59.14 <0.0001 Significant
906.86 77.87 <0.0001
470.42 40.39 <0.0001
11.65
12.43 2.94 0.2842 Not significant
4.23

Table 7. ANOVA analysis for incubation time (quadratic model).

df Mean Squared Fvalue p-value prob>F

Source Sum of Squares
Model 3.26
A-electric field strength 3.24
A’ 0.75
Residual 0.16
Lack of fit 0.096
Pure Error 0.062
Cor Total 342

2
1
1
21
19
2
23

1.63 216.03 <0.0001 Significant
3.24 428.51 <0.0001
0.75 100.00 <0.0001

7.550E-003

5.073E-03 0.16 0.9911 Not significant
0.031

Table 8. Predicted models for responses (J: current density, E: electric field strength).

response Contact paste

model

LSM (RD)"%°=+934.33948+5.0150 X J
Pt (RD)"%°=+760.65307+5.0150 X J
LSM TO=+0.54330+2.1428 X 10 X E-7.0993 X 10X J-2.6 X 107 XEX]J

Relative density (%)

Sample temperature ("C)

Pt TO%=10.54122+2.1428 X 10° X E-7.0993 X 10 X J-2.6 X107 XEXJ

LSM AL'8=15.19482+0.14335X]J

Shrinkage (%)

Pt AL'""8= _3.65975+0.14335X]

Incubation time (sec) ~ LSMand Pt (IT)** =+3.10198-0.013496 X E+1.96362 X 10~ X E?

3.3. Effect of Flash Sintering Parameter on  respectively. As can be seen, electric current

Relative Density and Shrinkage

density has a direct effect on relative density and

Response surfaces of relative density and  shrinkage, but changing electric field strength
shrinkage are shown in Figures 2 and 3, does not affect. Also, contact paste has a

By o


http://dx.doi.org/10.22068/ijmse.17.4.93
https://fn.iust.ac.ir/ijmse/article-1-1874-en.html

[ Downloaded from fn.iust.ac.ir on 2025-07-17 ]

[ DOI: 10.22068/ijmse.17.4.93 ]

H. Mohebbi and S. M. Mirkazemi

significant effect on relative density as well as
shrinkage; samples with LSM contact paste have
higher relative density and shrinkage relative to
those flash sintered with Pt contact paste.
Nyquist plots of EIS spectra of the symmetrical
8YSZ disc painted with Pt and LSM are shown
in Figure 4 with the corresponding equivalent
circuit. LSM showed lower resistance against
oxygen reduction in comparison with Pt (R2 in

e T ——

98

91

Table 9), and therefore, more oxygen ion would
be generated using LSM. A portion of the current
passed through the sample by oxygen ions; more
oxygen ion led to more current passing the
sample, resulting in more densification.
Restriction of oxygen ion production on Pt
increases the electrical resistance, and as shown
in section 3-4 (Figure 5) will increase sample
temperature during the flash sintering.
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Table 9. The values of the equivalent circuit
components.

R R Yo

L
Contact paste @H)  (Q) (@) (uMho)

LSM 419 537 11.7 164 0.749
Pt 4.19 537 345 2.8 0.787

3.4. Effect of Flash Sintering Parameter on
Sample Temperature
Fig. 5 shows the sample temperature surface
versus current density, electric field strength, and
contact paste. In contrast to relative density and
shrinkage, the temperature of samples depended
on both electric field strength and current
density, and the higher the current density, the
positive effect of electric field strength is more
noticeable. Similar to shrinkage and relative
density, contact paste has a significant effect on
sample temperature but, here samples with Pt
contact paste have attained a higher temperature
during flash sintering in comparison with
samples with LSM contact paste. The
remarkable point is that the samples with higher
flash temperature (Pt contact paste) have lower
relative density compare with those with lower
1440 :‘s‘
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flash temperature (LSM contact paste). All of
these results mean that Joule's heating lonely is
not responsible for densification, and as noted
earlier, the displacement of oxygen ions is also
effective in the sintering process.

3.5. Effect of Flash Sintering Parameter on
Incubation Time

With connecting the samples to the power supply,
it takes a while for the flash phenomenon to
happen, which is called incubation time [29].
Electric field strength has a very significant impact
on incubation time (Fig. 6). Electric field strength
equal to 50 V.em™ led no flash happening. The
observations showed that the minimum field
strength required for the occurrence of the flash is
80 Vem™. With increasing the electric field
strength, the incubation time decreased drastically
and reaches some milliseconds for E=400 V.cm™.
Also, results showed that current density and
contact paste type do not affect incubation time
(Table 8). This behavior is the same as nucleation
and growth in phase transformations; here, the
electric field strength is the driving force for
nucleation mechanisms.
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3.6. Microstructure and Electrical Properties
of Flash Sintered 8YSZ

Figure 7 shows the microstructure of the 8YSZ
that flash sintered at 800 °C for 30 seconds
(J=200 mA.mm~ and E=100 V.cm™), and 8YSZ
conventionally sintered at 1400 °C for 4 hours.
The relative density of flash sintered 8YSZ was
97.3% and seems to be almost completely
densified. The mean grain size was 0.3 um and
0.75 pum for flash sintered and conventionally
sintered 8YSZ, respectively. Fig. 8 shows EIS
data of flash sintered 8YSZ at 800 °C. For
comparison, the EIS spectrum of the
conventionally sintered 8YSZ is showed in Fig. 8
(black-spectrum). The total electrolyte resistance
(sum of bulk resistance and grain boundary
resistance) is calculated from the intersection of

SEMMAG: 15.00 ke WD: 5,631 mm L0 | veEGanTESCAN
SEMHV: 2000k Det SE 2 pm -
Ra7l n

Date(m/df): 08/30/18 Vac: Hivac

the diagram with the real axis at high frequencies
[28]. Flash sintered 8YSZ has lower resistance in
comparison with conventionally sintered one. It is
well-known that grain boundaries are blocking
sites for ion conduction [30], and materials with
small grain sizes have higher resistance in
comparison with materials with large grain sizes.
But in the present study, flash sintered 8YSZ with
a small grain size has lower resistance. The
formation of defect-enriched phases far from
equilibrium has been reported in flash sintered
materials [31, 32]; consequently, it seems that the
flash sintering process has been changed the
characteristic of grains and improve their
conductivity by increasing oxygen vacancies in
8YSZ. Although this hypothesis needs to be
studied in more detail.

SEM MAG: 8.00 kx Det: SE Detector VEGAIL TESCAN
SEM HV: 15.00 KV WD: 9.1943 mm Spm 7
Date(midag): 112509 Vac: Hivac RAZI u

Fig. 7. SEM micrograph of a) flash sintered and b) conventionally sintered 8YSZ.
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Fig. 8. EIS spectra of flash sintered (red) and conventionally sintered (black) 8YSZ.
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4. CONCLUSION

RSM methodology has been used to analyze the
8YSZ flash sintering process. Conclusions can
be summarized as follows:

1.

The relationship between the flash sintering
parameter (electric field strength, current
density, and contact paste) and relative
density, shrinkage, sample temperature, and
incubation time was established.

Electric field strength did not affect the
densification of 8YSZ, but a minimum
electric field strength was needed for flash
happening. In the present study, this critical
electric field strength was 80 V.cm™. Results
showed incubation time strongly influenced
by the electric field strength and decreased
drastically with electric field strength
increases.

Current density had a positive effect on
relative density, shrinkage, and sample
temperature, but the incubation time was
independent of current density.

Contact paste affects the properties of
sintered samples by influencing the amount
of oxygen ion produced. The more oxygen
ion led to more current passing the specimen
and higher density. Conversely, the lower the
amount of oxygen ion, the higher the
resistance against current passing, resulting
in a higher flash temperature.

The results showed that only joule’s heating
was not responsible for densification.
Although samples with Pt contact paste
reached a higher temperature during flash
sintering, they had lower density compared
with LSM contact paste samples.

Flash sintered 8YSZ had smaller grain size
and lower overall resistance in comparison
with conventionally sintered one. Contrary
to conventional sintering data here, a
decrease in grain size had led to lower
resistance. It seems that flash sintering
changes the characteristic of materials.
This matter needs to be studied in more
detail.

According to the results obtained in this
study, the optimum conditions for 8YSZ
flash sintering at 800 °C are LSM contact
paste, the current density of 200 mA/mm?,
and the electric field strength of
100 V/cm.
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