Journal of the European Ceramic Society 40 (2020) 4299-4303

journal homepage: www.elsevier.com/locate/jeurceramsoc

Contents lists available at ScienceDirect

Journal of the European Ceramic Society

Journal of the
European Ceramic Society

Original Article

Liquid-phase flash sintering 8YSZ with alkali halide sintering aids R

J.C.C.A. Diaz*, R. Muccillo

Check for
updates

Center of Science and Technology of Materials, Energy and Nuclear Research Institute, Travessa R 400, Cidade Universitdria, S. Paulo, SP 05508-170, Brazil

ARTICLE INFO ABSTRACT

Keywords:

Liquid-phase sintering
Electric field assisted sintering
Sintering aids

Impedance spectroscopy

The properties of ZrO,: 8 mol% Y,03 (8YSZ) ceramics with LiF and KCl sintering aids for liquid phase formation
during electric field-assisted sintering were studied. Sintering experiments were carried out at 650 °C under
200 Vem ™! AC electric field by varying current density, current application time, as well as LiF and KCI con-
tents. Pellets sintered with KCl addition had cavities, cracks and fractures. Pellets sintered with 15 wt.% LiF, on
the other hand, were homogeneous after thermal removal of LiF upon Joule heating. Low electric current

densities coupled with longer application times produced homogeneous specimens. Three different stages were
identified during sintering experiments: (i) LiF melting with the electric field applied at furnace temperatures
lower than its melting point, (ii) shrinkage due to liquid phase formation and LiF removal, (iii) final densification
due to grain growth and pore elimination. The electrical behavior and an estimate of the porosity were carried
out by electrochemical impedance spectroscopy measurements.

1. Introduction

Sintering is evidenced from the bonding and diffusion between the
contacting particles during thermal treatment, resulting in a reduction
of surface area and consequent densification of the sample. Pore
structure and compact properties depends directly on the rate of inter-
particle bonding during sintering. During liquid-phase sintering a liquid
phase coexists with a solid particulate at the sintering temperature. The
liquid phase enhances atomic diffusion with respect to the concurrent
solid state processes. The liquid can result from melting of one com-
ponent, furthermore, the liquid may be transient or persistent during
sintering [1,2].

Electric field assisted sintering (EFAS) techniques represent pro-
mising methods for reducing temperature and sintering time of ceramic
materials. Particularly, there is a current interest in pressureless electric
field assisted sintering, originally named flash sintering, as a rapid
sintering method, that permit synthesis and sintering of ceramics and
prevent practical problems like volatilization and high sintering tem-
peratures [3-7]. During flash sintering experiments, densification via
liquid formation or defects chemistry modification can be promoted by
using selected sintering aids [8,9].

Flash sintering is based on applying an electric field (AC or DC)
across a ceramic compact during thermal treatment. The flash sintering
process is usually divided into three stages: the first one is the in-
cubation, the current density being usually too low to cause significant
sintering and the system working under voltage control; the second
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stage, where the flash event takes place, is characterized by the switch
from voltage to current control, where most of the densification takes
place, with modest grain growth; the third stage is the steady stage,
when the electrical parameters and power dissipation are stabilized,
residual densification occurs and grain growth can happen.

Some mechanisms were proposed as responsible for the enhanced
diffusion during the flash event: rapid heating due Joule effect, re-
sulting in destabilization of the grain boundaries [10,11]; creation and
migration of Frenkel pairs induced by the electric field [10,12]; and
local melting or softening of the particle surfaces due to inhomogeneous
temperature distribution [13-15]. Very recently, an unified model that
contemplates all these mechanisms was proposed [16].

During flash sintering experiments the action of local melting or
softening can be magnified using compounds that become liquid, and
the combined effect of electric field induced softening at the grain
boundaries and liquid-phase sintering can be evaluated.

In this work, sintering aids were used to induce a transient liquid
phase during flash sintering experiments. The involved mechanisms
during pressureless electric field-assisted sintering of 8YSZ using alkali
halide sintering aids (KCl and LiF) as liquid phase formers were ana-
lyzed.

2. Experimental

ZrO,: 8 mol% Y,03 ceramic powders (8YSZ, tape cast grade powder,
Fuel Cell Materials, USA) were dry mixed with different contents of KCl
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(99.5%, Merck) and LiF (99.5%, Oregon Labware), uniaxially pressed
(50 MPa) into disc-shaped pellets with 5mm diameter and approxi-
mately 3 mm thickness, followed by isostatic pressing (140 MPa). KCl
and LiF additions were in the 2-15 wt.% (5-35 vol.%) range.

A homemade experimental setup for electric field assisted sintering
was used [17]. The sample was inserted in the center of a vertical
furnace between two Pt disks connected via Pt wires to an AC power
supply (Pacific Power Source 118-ACX, Irvine, CA, USA). Sample
thickness was monitored with a computer controlled micrometric dial
gauge and sample temperature with a chromel-alumel thermocouple
with its tip located close to the sample.

Two sintering experiments were performed: (1) dynamic, by ap-
plying 200 Vem ™! AC field to the sample during furnace heating at
5°Cmin~ " from room temperature up to the occurrence of an increase
of the electric current through the sample (electric current percolation
event); (2) isothermal, applying the same electric field when the sample
reached 650 °C (temperature that occurred the electric current perco-
lation event in the dynamic experiment). The power supply was set to
switch to current control when the current density reached a preset
value, between 25 mAmm 2 and 100 mAmm ™2 (0.5A to 2.0 A). For
comparison purpose, some samples were conventionally sintered at
1400°C for 2h. The residual porosity of the sintered samples was
evaluated using the hydrostatic Archimedes technique.

The morphological and microstructural characteristics were ob-
served on surfaces of the sintered samples in a scanning electron mi-
croscope (Inspect F50 FEG-SEM, FEI, Brno, Czech Republic).

Impedance spectroscopy measurements were carried out in samples
with silver paste on both parallel surfaces from 5 Hz to 13 MHz, 200 mV
input signal, at temperatures between 270 °C and 490 °C, with an im-
pedance analyzer (Hewlett Packard 4192A, Yokokawa, Japan) con-
nected to a controller (Hewlett Packard 360, USA).

3. Results and discussion

Dynamic electric field-assisted sintered 8YSZ with additions of ei-
ther KCl or LiF produced similar results, with the electric current per-
colation event occurring at 650 °C, that temperature being then set for
the isothermal experiments. It is noteworthy that the electric current
percolation event occurred at furnace temperatures below the melting
point of the sintering aids (KCl ~772°C, LiF ~842°C).

Isothermal sintering experiments with application of an AC electric
field were performed for different values of electric current density,
current application time and alkali halide contents. Sample shrinkage
and temperature were monitored during the experiments.

Samples sintered with KCl additions produced voids, cracks, and
fractures (Fig. 1a), being discarded. Samples with LiF, on the other
hand, had defects on the outer surfaces, being then removed by pol-
ishing, becoming homogeneous and easy to handle. At microscopic
level, SEM images show rounded contours and non-polygonal grains,
indicating the occurrence and effect of liquid phase during sintering
with KCl and LiF additions, Figs. 1b and 2 respectively. These figures
show the evolution of the microstructure of the samples with the in-
crease of the electric current.

The achieved sample linear shrinkage level was in the 5-15% range,
depending on electric current and elapsed time under electric current.
As the thermocouple tip was located near but not in contact with the
sample, the monitored temperature shows the relative thermal varia-
tions at the sample. Fig. 3 shows electric power, thickness shrinkage
and temperature (near the sample) of 8YSZ-15 wt.% LiF as a function of
time during application of 200 V cm ™ *, limiting the value of the electric
current to 1.0 A. This behavior was similar in all experiments with LiF
as sintering aid, meaning that the differences depend mainly on the
electric current elapsed time.

A similar isothermal electric field-assisted sintering experiment was
carried out at 650 °C in a 8YSZ green pellet without sintering aid. There
was no electric current percolation event, a confirmation of the role of
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LiF as sintering aid responsible for the electric current percolation event
with densification of 8YSZ.

In Fig. 3, region a, the observed increase of the electric power,
without any change in the sample thickness, may be an indication that
during this time interval LiF reached the melting point. The LiF liquid
phase then disperses and impregnates the empty spaces, resulting in the
observed shrinkage (Fig. 3, region b); at this stage, LiF is expected to be
at least partially thermally removed from the sample. In regions b and ¢
no significant temperature (near the sample) variation was observed,
however, one should consider that the shrinkage behavior is dependent
on Joule heating, by its turn, depends on the electric current produced
by the application of the AC electric voltage. An estimate of the sample
temperature T (during the electric current flow through the sample)
was done taking into account the black body radiation model [10,12]:
T = [Ty + W/A-c|/4, To, W, A and o stand for the furnace temperature
(K), the electric power (W) dissipated in the sample, the exposed sur-
face area of the sample (m?) and the Stefan-Boltzmann constant
5.67 x 1078 Wm™2K™* respectively. Fig. 4 presents the estimated
temperatures for a representative set of sintered samples.

The evaluated temperatures are similar to the conventional sin-
tering temperatures for 8YSZ, meaning that the sample during the
electric field-assisted sintering experiments reached a temperature high
enough to thermally remove the sintering aid (0.04-0.67 atm is the LiF
vapor pressure at the evaluated temperatures [18]), additional removal
of molten LiF by capillary action and fluidity may be expected [14].
After removal, the electric current continued to flow through the 8YSZ
sample, leading to a new shrinkage process, as evidenced by region c of
Fig. 3.

In summary, the electric field applied at furnace temperatures lower
than the melting point of the sintering aids was able to induce a current
flow through them; the heating of the sample due to the Joule effect
induced the formation of a liquid phase that impregnated the empty
spaces and enhanced the rate of interparticle bonding, promoting neck
formation; the sample temperature increased to temperatures higher
than 1250 °C (depending on the value set for the maximum electric
current); the current flow remained after the thermal removal of the
sintering aid, allowing for a final densification due to grain growth in
the established skeletal structure. This sintering process allows then to
control the densification of the samples in the 60-75% range, with
electric currents between 0.5 A and 2.0 A and current application time
between 20 min and 120 min.

In the present results, the observed stages during the electric field
assisted sintering experiments were essentially different from those
observed in Flash Sintering. The incubation time is very short or absent;
here, the electric current percolation event was characterized by the
switch from voltage to current control (similar to the flash event) but
without densification; instead, liquid phase formation took place and
the condition for an initial liquid-phase sintering was established (re-
gion a of Fig. 3); the steady stage (unlike what is expected in flash
sintering) was not fully reached. The changes in the electrical para-
meters and power dissipation happen because at this stage densification
took place, first by liquid-phase sintering (region b of Fig. 3) and then
by grain growth due to the persistent electric current flow (region c of
Fig. 3).

Considering the labeling of Fig. 4, hereinafter the samples will be
named as indicated in Table 1.

Impedance spectroscopy data were collected from 490 °C down to
270°C at ~25°C steps. The impedance spectroscopy plots of the
Sample 2 (see Table 1) at different temperatures are presented in Fig. 5.
These plots are composed of two partially overlapped semicircles due to
the contribution of grains (high frequency region) and grain boundaries
(low frequency region).

Grain and grain boundary contributions were fitted according to an
equivalent circuit composed of two R||CPE elements. Depressed semi-
circles were observed due to the distribution of grain sizes and porosity.
Each semicircle corresponds to the parallel combination of a resistance
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Fig. 1. SEM micrographs of 8YSZ-10 wt.% KCl sintered with application of electric field during 5 min. (a) low magnification images showing large voids, cracks and
fractures; (b) high magnification images showing increasing submicron grain sizes for increasing limit of the electric current.

Fig. 2. SEM micrographs of 8YSZ-5 wt.% LiF and 8YSZ-15 wt.% LiF sintered with application of electric field during 20 min. Grain growth is apparent for increasing

limit of the electric current.
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Fig. 3. Electric power, thickness shrinkage and temperature (near the sample)
as a function of time in 8YSZ-15wt.% LiF under application of 200 Vcm ™!
limiting the electric current to 1.0 A.

and a constant phase element (CPE). The impedance of CPE is:
Zcpe = (Q-(iw)")~}, where w = 25 -f, f is the excitation frequency and
a =mn/2(1 — n) is the decentralization angle. The impedance of the
circuit was calculated according to the following expression:
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8YSZ-LiF samples according to the black body radiation model (see text for
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) ()

All impedance spectroscopy plots were analyzed using EIS Spectrum
Analyzer software [19]. All fitted curves at each temperature showed
good agreement with the experimental data. Fig. 6 shows the experi-
mental and fitted data using the equivalent circuit at 460 °C for the
same representative set of sintered samples (1 to 5) used in Fig. 4.
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Table 1
Sample designation and sintering parameters.

Sample Sintering parameters
Green composition  Electric current  Elapsed time
(A) (min)
1 8YSZ-5 wt.% LiF 1.0 20
];(E)A\é‘c -l 2 8YSZ-15 wt.% LiF 0.5 120
650 °C ! ’ 3 8YSZ-15 wt.% LiF 1.0 20
4 8YSZ-15 wt.% LiF 2.0 20
Green composition — Temperature time
(°C) (min)
Conventional 5 8YSZ 1400 120
o ona 6 8YSZ-2 wt.% KCl 1400 120
sitering 7 8YSZ-15 wt.% LiF 1400 120
L) L} L) L L) L)
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Fig. 5. Impedance diagrams at several temperatures in the 270-490 °C range of
8YSZ-15wt.% LiF sintered with application of 200V em ™' during 120 min,
limiting the electric current to 0.5 A (Sample 2).

As expected, the resistivity (p) follows an Arrhenius behavior. Fig. 7
shows the Arrhenius plots of the electrical resistivity of grains and grain
boundaries; for comparison purpose, data of conventionally sintered
samples were included (Samples 5, 6 and 7). The activation energies for
the intragranular and intergranular thermally activated oxygen va-
cancies migration processes were determined as 1.0eV and 1.1 eV re-
spectively, in agreement with reported values for single crystals or
ceramic samples with similar compositions [20,21].

In Fig. 7 no changes in the slope of the fitted straight lines were
observed. A single activation energy was defined and therefore a single
conduction mechanism occurred via oxide ion vacancy. As expected,
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Fig. 7. Arrhenius plots of the intragranular (bottom) and intergranular (top)
electrical resistivity. Results for conventionally sintered 8YSZ, 8YSZ-2 wt.% KCl
and 8YSZ-15 wt.% LiF (Samples 5, 6 and 7 respectively) were included.
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Fig. 8. Blocking factor times frequency factor (ag-ay) and apparent porosity of
different samples (see text for details).

due to blocking of oxide ions at the intergranular region, the grain
boundary activation energy is slightly higher than that of the bulk.
The ion blocking could be characterized by the blocking factor
ag = Ry/(Ry + Rgp), and the frequency factor, ar = fa/f, [22,23]; R, f,
gb, g are electrical resistance, frequency at the maximum of the semi-
circle, grain boundary and grain, respectively. These factors may be
correlated to size parameters of the microstructure defects: ay is pro-
portional to the average blocking surface area and ay to the average
blocker thickness, their product (ag-ay) is proportional to the blocker

8 T T T T T I T T T r
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—~ 6} A Sample 3
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C 4} 6 Calculated -
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N 2}
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Fig. 6. Experimental and calculated impedance diagrams (left) and Bode diagrams (right) of the samples 1 to 5, measured at 460 °C. The numbers on the left side

stand for logf (f: Hz).
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volume [23], consisting on the intergranular region associated to the
porosity. For each sample ag-ay was evaluated in each measurement
temperature and for comparison purposes the average of the values
obtained is shown. Fig. 8 shows the ag - ay (appropriately scaled) and
the apparent porosity estimated by the Archimedes method. A direct
correspondence between ag - arand the apparent porosity was observed,
making possible to estimate a proportionality factor between them:
Apparent porosity (%) z(104/3)(01R~otf).

From Figs. 7 and 8 one can state that the parameters during the
electric field assisted sintering experiments (electric current density,
current application time and sintering aid content) may be related to
electrical and microstructural properties. Variations in the electric
current density and current elapsed time allowed to obtain different
pore contents.

4. Conclusions

Experiments on electric field-assisted sintering of ZrO,:8 mol% Y,03
(8YSZ) with additions of KCl and LiF were carried out looking for the
possibility of simultaneous liquid-phase sintering at furnace tempera-
tures below the melting point of the sintering aids, provided by Joule
heating. Electric current density and time elapsed under the electric
field, as well as LiF and KCI contents were the main parameters. KCl
sintering aid was found to produce voids, cracks and fractures. LiF
(~35vol.%), on the other hand, was found to produce homogeneous
8YSZ specimens after its thermal removal upon Joule heating. The
average grain size increased for increasing electric current limit. Low
electric current density coupled to longer time under the electric field
was found to produce homogeneous specimens. Formation of liquid
phase due to Joule heating was considered as responsible for liquid-
phase sintering and removal of LiF. The different stages during the
sintering experiments were described and analyzed, differences with
normal flash sintering stages were appointed. Impedance spectroscopy
measurements at several temperatures allowed for evaluating the ac-
tivation energies from the Arrhenius plots, as well as an estimate of the
relative pore content using the blocking and frequency factors.
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