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ABSTRACT

This work aimed to investigate different forming techniques used in
the ceramic industry when applied to flash sintering. It was studied how
the density gradient interferes with the final densification and
microstructural heterogeneity development of Zn0O specimens. For this
purpose, ZnO cylindrical specimens were formed by uniaxial pressing,
isostatic pressing, and slip casting. All experiments were conducted
isothermally at 800 °C in an adapted tube furnace, with an applied
electric field of 60 V/cm and 200 mA/mm? as maximum current density.
Samples formed by isostatic pressing showed Dbetter control in the
development of the microstructural homogeneity. The ones formed by slip
casting had the lower apparent density and longer incubation time among
all forming methods. Also, slip casting formed samples showed the largest
detachment of the average grain size in the central region compared to
the other regions, among all the forming methods. One outstanding result
is related to differences between the regions close to the upper and lower
electrodes in the samples formed by uniaxial pressing, even 1if using
alternating current mode. These results showed that density distribution
along the green specimen should be considered a decisive factor when
evaluating samples flash sintered. The chosen forming technique causes
significant differences both in the incubation time, densification, and

in the development of microstructural heterogeneity.
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1l. Introduction

Flash Sintering was firstly reported by Cologna et al in 2010 [1]
and has been successfully applied to the consolidation of several
materials since then [2-5]. Some studies have shown that energy
consumption in flash sintering is highly reduced when compared to
conventional sintering [6,7]. However, for industrial-scale application,
besides the optimization of energy consumption during sintering,
homogeneous microstructural development must be evaluated to avoid
compromising the required properties. Different forming methods result in
different density gradients which consequently lead to heterogeneity in
the distribution of the powder throughout the part, which influences the
sintering step [8,9].

Among the most commonly used industrial forming methods are the
compaction processes from dry powder (such as uniaxial or isostatic) and
shape casting from a dispersion of a ceramic powder (such as slip casting)
[10-12]. Dry powder compaction generates density gradients throughout the
part as a result of combining the induced external compaction pressure,
the friction between the material and the die-wall, as well as the inter-
particle friction [13]. In the isostatic pressing, the difference in the
actuation of the loads inside the specimen 1is minimized, since the
pressure is transmitted to the part through the pressurized fluid in a
practically equal manner in all directions [8].

Liquid forming processes are based on colloidal systems, in which
loads promoted by the removal of the liquid are used for the consolidation
of suspended particles [11]. 1In the slip casting process, the liquid is
removed by a pressure gradient as it flows through a porous mould [12,14].

In general, mechanical compaction 1is the most widely used forming


https://doi.org/10.1016/j.ceramint.2020.08.210

VERSAO SUBMETIDA — SUBMITTED VERSION
Please wuse the following 1link to access the published version:
https://doi.org/10.1016/j.ceramint.2020.08.210

technique in the ceramic manufacturing industry; however, the variation
of the applied stress along the material can generate high density
gradients, which compromise the properties of the final product. Although
pressure variations are minimized when using isostatic pressing, the
technique presents a higher cost [14]. Yet, isostatic pressing provides
less control in handling green body properties than shape casting forming
methods [8,9,11,13].

The microstructural heterogeneity of a flash sintered material has
been widely discussed in the literature and is still a barrier to applying
this technique on a larger scale [15-17]. This heterogeneity can be a
function of several factors, such as the formation of thermal gradients
along with the specimen; differences in the electrochemical reduction
potentials in the regions near the electrodes; creation of hotspots, among
others [14,18]. Carvalho et al (2018) [19] and Muccillo et al (2017) [20]
studied the influence of material porosity prior to flash sintering on
the final microstructure. The authors state that the distribution of pores
plays a fundamental role in the formation of electric current paths.

Therefore, this work aims to explore the different forming methods
used in the ceramic industry in which flash sintering can be applied and
to understand the influence of these methods on the microstructural
development of 7ZnO. It is also important to evaluate how the pore
distribution and the density gradient interfere in its densification and

microstructural heterogeneity when submitted to flash sintering.

2. Experimental Procedure

Samples were prepared using 99% ZnO commercial powder (Synth®), and

the average particle size was determined by laser diffraction (Horiba -

LA-950V2). Three forming techniques were used in the forming of specimens


https://doi.org/10.1016/j.ceramint.2020.08.210

VERSAO SUBMETIDA — SUBMITTED VERSION
Please wuse the following 1link to access the published version:
https://doi.org/10.1016/j.ceramint.2020.08.210

with 6 mm diameter and 5 mm height: uniaxial pressing, isostatic pressing,
and slip casting.

For the dry powder compaction, a mixture of the ZnO powder and 0,5%
4-aminobenzoic acid (PABA, Vetec LTDA) by mass was ball milled in an
alcoholic medium for 6 h. After that period 0,5% oleic acid (Vetec LTDA)
by mass was added to the suspension and mixed for 2 h. The resulting
suspension was dried under continuous air flow until the alcohol was
eliminated and then passed through an 80-mesh sieve. The samples were
uniaxially pressed under two different 1loads, 140 and 300 MPa, and
isostatically pressed under 200 MPa (AIP CP360). For the slip casting,
the suspension was prepared with a powder-to-water weight ratio of 2:1,
with the addition of 1 % of ammonium polyacrylate by mass, and ball milled
for 12 h. The suspension was then poured into a porous plaster cast. The
specimens were then calcined at 500 °C for 1 h at a heating rate of 2 °C
min-?t.

Since each forming method has different green densities, dilatometry
test was performed to analyze the behavior of the ZnO in a conventional
furnace and to establish a temperature for performing the flash sintering
tests. For comparison purposes, conventional sintering at 1200 °C for 120
min was performed at a heating rate of 5 °C min ! for isostatically shaped
specimens. Both sintering (conventional and flash) were performed in the
same tubular furnace adapted to perform the flash sintering in order to
reduce experimental differences [15] under an applied mechanical pressure
of 300 kPa.

For the flash sintering experiments the following parameters were
used: maximum electrical current density of 200 mA/mm? and electrical
field of 60 V/cm in AC mode (alternating current); frequency of 1000 Hz
(sine waveform). No conductive pastes were used in the contact between

the samples and the Pt electrode. The electrical source was switched on
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after a 5 min furnace step at 800 °C, and the flash sintering experiments
occurred isothermally with a steady-state of 60 s (after the current
density reached its maximum value) .

The apparent density of the specimens was determined based on the
Archimedes principle (ASTM C373-88, 2006) and the values were described
in terms of theoretical density. Microstructural characterization of the
fracture surface was performed using scanning electron microscopy (SEM -
Philips - FEG XL30 equipment). The fractured surface was analyzed in four
different regions: near the upper and lower electrodes, core and radial
surface, according to Figure 1. Imaged software was used to calculate the
grain size distribution in each region [21]. The Tukey test was performed
with a significance level of 5%, assuming equality between the grain sizes
means. It was considered for the analyses of two images for each region

with a count of 100 grains each.

Figure 1 - Fracture section of the specimen in the radial center,
indicating the regions in which the micrographs were obtained, being two
regions close to the upper and lower electrodes, one in the central region

(core) and the other in the radial surface.
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3. Results and Discussion

According to the laser diffraction, the ZnO powder has dimensions of
70 £ 30 nm. Figure 2 shows the curve obtained from the dilatometric test.
It is noted that no change occurs up to approximately 600 °C and the
material has a maximum densification rate of approximately 800 °C.
According to the graph, the temperature of 800 °C was chosen to perform
a 5 min step before applying the electrical voltage in the flash sintering
experiments. This step was performed to avoid differences concerning the

green density caused by the forming methods.

Figure 2 - Dilatometry test for ZnO, plotting the linear shrinkage

curve, relative density and densification rate as a function of

temperature.
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Table 1 describes the incubation time (s) and apparent density (%TD)
of the specimens according to the different forming methods and sintering
conditions. A deviation from the apparent density averages is observed

for specimens formed by slip casting. When comparing only the samples
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formed by uniaxial pressing, a load increase from 140 to 300 MPa caused
a higher dispersion of the values. Since the pressure gradient generated
inside the specimen is dependent on the applied load [22], it could
explain these differences. Larger loads generate higher stress
distribution heterogeneity, and may also exceed the maximum packaging
load supported by particles in some regions.

The variation in pore distribution according to the forming method
directly affects the particle-part contact, which can lead to different
electric current paths in an uneven way [20,23]. This may generate thermal
gradients along the part, causing regions of uneven densification, which
can affect the final density [15,16].

The slip casting method showed the lowest apparent density values
and the longest incubation times. This fact shows that the forming method,
and consequently the green density gradient, influences the electrical
resistivity of the specimen, significantly modifying the incubation time.
Some studies related to the densification rate of materials during flash
sintering take into account the green density and the instantaneous
density of the material, assuming them to be homogeneous throughout the
entire specimen [24-26]. However, the results shown in this paper show
that the distribution of particle packing interferes with both the onset
of flash sintering and the densification of the specimen. This factor can
be significant in determining the flash event, in addition to the critical
combinations between furnace temperature and the electrical parameters
used.

Figure 3 and Table 2 present, respectively, the micrographs obtained
by SEM of the fracture surface in the different regions and the average
grain sizes of the specimens formed by different methods and sintered
under different conditions. It can be seen for all regions analyzed that

the grain size was smaller using flash sintering when compared to
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conventional sintering, as previously demonstrated in the literature
[1,26]. The suppression of grain growth in flash sintering can take place
through the association of several factors [27]: electric field
interactions with grain boundaries [28], the high heating rate provided
by the Joule effect [23,29], the rate at which the process occurs [18,20],

among others [30,31].

Table 1 - Incubation time (s) and Apparent Density (%TD) of the specimens

formed by different methods and conventionally and flash sintered.

Forming Sintering Incubation time Appareiﬁ Density
(s) (%TD)

Isostatic Press Conventional - 94,5 + 0,8

Isostatic Press Flash 151 £ 50 94,3 + 0,3

Uniaxial Press s Flash 166 + 30 94,7 + 1,4
MPa)

Uniaxial Press (oo Flash 173 + 18 93,1 + 2,3
MPa)

Slip Casting Flash 457 £+ 7 91,4 + 0,2

Table 2 - Average grain size (um) of specimens formed by different forming

methods and conventionally and flash sintered.

Upper Lower Core Radial

Electrode Electrode Surface
Conventional 12,63%2,27° 13, 64+1,592  14,08%2,33% 12,79+2,38°
Tsostatic (FS) 2,03+0, 672 2,22+0,732 3,43+1,06°  2,5140,69¢
Unla?;gi 140 1,92+0,592 1,1540, 58 4,03+1,15°  2,43+1,10%
Unlaf;gi 300 2,09+0, 652 1,57+0,50° 3,15+0,94°  2,58+0,83d
Sllp(ggftlng 0,81+0,242 0,93+0,23° 2,2740,58>  0,77+0,182

arbrcrd equal letters indicate that the results do not differ significantly
according to Tukey's test. The results compare the different regions to
each other within the same forming method, but do not compare the
different forming methods to each other.
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Figure 3 - Micrography obtained by SEM for the analyzed regions of the
specimens formed by different methods and conventionally and flash

sintered.
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Figure 4 shows the Tukey test results for grain sizes for the
different regions according to the forming methods and conditions studied.
According to Figures 3 and 4, the central region tends to present grains
with larger dimensions than the others. This behavior can be explained by
the fact that at high temperatures (which the specimen reaches by the
Joule effect), there is heat loss by radiation and convection from the

specimen to the environment (at a lower temperature) [16,22,32][32]. This
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loss occurs most dramatically over the surface of the specimen. This
causes a heat flow towards the center outwards, generating a thermal
gradient along with the specimen. As the interior remains at a higher
temperature than the outer surface, and for a longer period of time, grain
growth is induced in this region. This behavior is typical of cylindrical
specimens [4,16,33,34].

Another characteristic can be noticed in flash sintered samples, in
which the regions corresponding to the proximity of the electrodes present
smaller dimensions than the others. This fact may be associated with the
contact of these regions with the electrodes, which are made of thermally
conductive material. This causes more severe heat loss than in other
regions due to the contribution of conduction loss (in addition to heat
loss from convection and radiation), creating a lower temperature zone
[15,16,31,32]. Furthermore, Liu et al. (2018) reported a temperature
gradient along with the specimen during the steady-state of flash
sintering. The regions near the electrodes were under lower temperatures
than the other regions. The authors suggested that this could be
associated with heat release during oxidation and reduction reactions
that occur at the ends of cathode-electrolyte-anode contact. They also
state that the formation of defects in the regions near the contacts,
which are usually endothermic (consuming energy from the wvicinity), may

be responsible for the lower temperature.
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Figure 4 -Tukey’s mean difference with 5% significance for grain size in
conventional sintering and flash sintering of specimens formed by slip
casting, isostatic pressing at 200 MPa (isostatic), uniaxial pressing at

140 MPa (UP140) and uniaxial pressing at 300 MPa (UP300).
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In the microstructural analysis presented in Figure 3, the
conventionally sintered specimens showed similarities in the grain size
distribution in the different regions analyzed. The specimens
isostatically formed and flash sintered showed similar mean grain size
between the upper and lower electrodes, but different grain sizes between
the radial surface and the central region. Although statistically
different, the average grain size on the radial surface is closer to the
electrode regions than to the central region. This supports the fact that
the thermal gradient generated along with the specimens, due to heat

losses, occurs more intensively 1in the electrode’s regions (where
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conduction takes place) than on the radial surface. In addition, Dboth
regions remain at a lower temperature than the core.

The uniaxially formed samples presented higher differences between
the most external regions in relation to the central region. There was a
statistical similarity of the average grain sizes Dbetween the radial
surface and the upper electrode, with the other regions showing
significant differences. For the uniaxial pressing at 300 MPa, the same
pattern is observed, and the region of the upper electrode showed an
increased grain growth when compared to the lower electrode.

Although all the regions presented significant differences, in this
case, there is again a tendency to approximate the values of the upper
electrode region with the radial surface region. This fact may be
associated with the density gradient formed during the uniaxial pressing
since the applied load occurred in a single axis (longitudinal axis).
This causes particle-particle contact to be favored on one side of the
punch and near the extreme regions of the radial surface along the
cylinder [13]. This fact corroborates the influence of the density
gradients generated in green compaction.

Some authors have shown that the application of direct current (DC)
in flash sintering has revealed significant differences in grain sizes
near the positive and negative electrode regions [26,33,35-37]. However,
the use of alternating current (AC), as employed in this study, presented
the same microstructural differences. This suggests that the contribution
of the density gradient during green compaction is significant in the
evolution of the microstructure, in addition to the electrodes reactions
[35,38,39].

For the slip casting method, all regions showed statistical
similarity except for the central region. When compared to other forming

methods, especially concerning isostatic pressing (due to the better
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dispersion of the loads along the specimen), a suppressed grain growth is
noticed. Nevertheless, the final density of the slip casting specimens
was lower. Although colloidal suspension methods present greater control
of powder dispersion, the lower charge applied on contact between
particles may require more intense electrical conditions during
densification.

Figure 5 shows the behavior of electric field curves, electric
current density and power density for the different forming methods. After
sintering, the electric field stabilized at: 32.9 V/cm for the isostatic
pressing, 34 V/cm for the uniaxial pressing at 140 MPa, 38.2 V/cm for the
uniaxial pressing at 300 MPa, and 38.6 V/cm for the slip casting. Although
the specimens were subject to the same electrical current density, the
different density distributions along the specimen influence the
electrical resistivity of the material. As previously mentioned, these
differences are caused by how contact between the particles is established
in the green compact. These gradients do not influence in a significant
way conventional sintering. However, during flash sintering, current
density and Joule heating are strongly influenced by the geometry of the
particles as well as the contact area between them [40,41]. Unequal
packaging may generate localized heating and impact the consolidation of

the material, as verified in this study.
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Figure 5 - Current Density (J), Electric Field (E), and Power Density
(P) flash sintering curves for the specimens formed by isostatic
pressing, uniaxial pressing at 140 MPa (UP140), uniaxial pressing at

300 MPa (UP300) and slip casting.
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Figure 6 summarizes the behavior of the microstructural distribution
of the specimens formed by the different forming methods, followed by
their relative densities. This figure emphasizes the dispersion of the
grain size of each region around the total average value. When considering
flash sintering, the only forming method in which all regions converged
with the average value was isostatic pressing. This fact supports the
previous discussions that this method improved microstructural
development control. Regarding slip casting, it can be observed the
similarity between the regions except the central region, which
substantially diverged from the others. Regarding the uniaxial presses,
both showed large dispersion around the average with all regions,

confirming a lower microstructural control provided by this method. The
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results presented in Figure 6 reinforce the influence of forming methods
on the microstructural development of specimens flash sintered. In this
context, the isostatic pressing method showed the best results concerning
densification coupled with better microstructural homogeneity along the

specimen.

Figure 6 - Average grain size for each region and apparent density for
conventional and flash sintering of specimens formed by isostatic pressing
at 200 MPa (isostatic), slip casting, uniaxial pressing at 140 MPa (UP140)

and uniaxial pressing at 300 MPa (UP300).
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Conclusions

The different forming techniques resulted in microstructural and
densification differences. Isostatic pressing and slip casting forming

methods showed microstructural differences between the central region and
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the others (more pronounced). However, the regions near the lower and
upper electrodes showed microstructural similarities between each other.
The uniaxial pressing, regardless of the applied 1load, presented a
difference between the regions near to the lower and upper electrodes,
despite the use of AC. This strengthens the influence of the load
distribution applied along the green specimen on microstructural
development during flash sintering. Isostatic pressing provided greater
control in microstructural homogeneity among all the methods used. The
results indicate that the green density distribution generated in the
forming stage should be considered a decisive factor when evaluating
specimens submitted to flash sintering. The choice of the forming method
will lead to significant differences in both incubation time, relative

density, and microstructural heterogeneity.
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