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Abstract:

Recent research has shown that very rapid heating of 3YSZ powder compacts (ultra-fast
firing), whether by passing an electric current through the sample (flash sintering) or by using
external heat sources, causes a great acceleration of densification rate for a given relative density
and temperature. Here, the microstructural evolution of 3YSZ is studied using four sintering
methods with widely differing heating rates, produced with and without electric fields. The
microstructural development depended greatly on thermal history. Most significantly, slow,
conventional heating resulted in pores much larger than the grain size, whereas most pores were
smaller than the grain size with the rapid heating methods, whether the heating involved an
electric field or not. The smaller pore size clearly provides a major contribution to the acceleration
of densification following rapid heating. In contrast, grain growth was not suppressed by rapid

heating but was suppressed by an electric field.
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Introduction

Flash sintering is a technique whereby dense ceramics can be produced in a few seconds by
passing an electric current through the specimen. The furnace temperature used is usually several
hundred degrees centigrade below those used in conventional sintering, which normally takes
several hours. The resulting reduction in time and energy consumed make it a potentially efficient

way to fabricate advanced ceramics. The sintering method has been investigated extensively in



3YSZ and a wide range of other ceramics [1-7].

The electrical and thermal response of the specimen during flash sintering is explained well
in terms of heating from the electrical power dissipation in the specimen [3,8,9]. Under constant
electric field, this increases rapidly once a sufficiently high combination of temperature and field
is reached owing to the strongly increasing electrical conductivity of most ceramics with
increasing temperature, with increasing densification [10] and, in the case of YSZ, with
electrochemical reduction resulting from the high direct currents passed through the specimen [10,
11]. Although the furnace temperature is low, the temperature of the specimen itself during flash
sintering is typically raised by the electrical heating to close to the temperature used for the same
material in conventional sintering.

The above explanation for the electrical and thermal response has been tested by many
researchers with good, quantitative verification (e.g. [4,12,13]) but does not, on its own, provide
any explanation for the rapid densification in flash sintering. Much of the search for an
explanation has focused on the presence of an electric field, which is perhaps the most obvious
difference between flash sintering and conventional sintering, but so far without convincing
success. Another significant difference between conventional sintering and flash sintering,
however, is the very rapid specimen heating during flash sintering, which is made possible by the
internal dissipation of electrical power within the specimen. It has been known since the 1960’s
that rapid heating, or “fast firing”, improves the extent and rate of densification. We have recently
tested this idea as an explanation for flash sintering by comparing the densification of identical
green bodies of 3YSZ by flash sintering and by rapid heating to the same specimen temperature,
but without the use of electric fields [14]. The results show that heating at similar rates to those
experienced by specimens during flash sintering can lead to the same rapid densification rates
even without the involvement of an electric field. The inescapable implication is that the rapid
densification during the flash sintering of 3YSZ occurs primarily because of the rapid heating
experienced rather than any direct effect of the electric field itself.

Previous explanations for fast firing have mainly been based on the idea that densification
competes with coarsening mechanisms such as grain growth [15] or surface diffusion [16,17,18]
which oppose it. The coarsening mechanisms are thought to have different temperature

dependencies to that of densification, so that the degree of densification and other aspects of



microstructural development have a dependence on the details of the thermal history such as prior
heating rate. This is fundamentally different from the unique path of microstructural development
which would result from the operation of a single densification mechanism. Our previous work
[14] reports only the densification results for 3YSZ heated at different rates with and without an
electric field. The present paper seeks possible explanations for the effect of heating rate by
looking for differences in the path of microstructural development in specimens with different
heating rates and heating sources. The comparison involves the same four sintering methods as
were used in [14]: (i) flash sintering (FS), (ii) conventional sintering (CS), (iii) “fast firing” (FF)
by inserting specimens into a ready heated furnace, and (iv) “ultra-fast firing” (SHS), in which
very rapid heating is achieved without an electric field using an exothermic self-propagating

reaction between Ni and Al powders as the heat source.

Experimental details

Raw material and green body:

All the raw materials in the experiments of this work were commercially available 3YSZ
(TZ-3Y-E, Tosoh Co., Japan). As reported by the supplier, the median particle size of the starting
powder is 60 nm and the density when conventionally sintered under optimum conditions is 6.05
g/em’.

The specimens for flash sintering (FS) were bar shaped with dimensions ~26 X 6 X 2 mm as
described in [14]. These were made by the slip casting of slurries consisting of 55 wt.% 3YSZ
powder and 2 wt. % Dispex A40 dispersant in distilled water into plastic moulds on a porous
gypsum base. An ultrasonic probe was used to break up any agglomerates in the slurry. Metallic
pins of 1 mm in diameter were set in the specimen 22 mm apart, near the ends of the bar, and
removed before samples were completely dried, to leave holes for making the electric connections.
Two short platinum wires with an initial separation of L = 14mm were set between the holes for
4-point electrical measurements to eliminate the effect of contact resistance. Final drying was in
an oven at 80 °C. The resulting green bodies were approximately 55% dense.

The specimens for the other sintering methods (CS, FF and SHS) were small pieces with
dimensions ~1-2mm separated from green samples identical to those used for FS. The small

dimensions were to allow rapid heating from external heat sources throughout the specimen. The



sintering conditions for all the experiments are shown in Table 1.

Flash Sintering:

For flash sintering, experiments in which electric fields were applied to ceramic specimens
through a closed electrical circuit were carried out in a modified box furnace. A schematic diagram

of the flash sintering samples and apparatus is shown in Fig.1.
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Figure 1. Schematic diagram of the flash sintering experiment.

A commercial DC power source (360 V, 15 A, 1500 W, Elektro-Automatik, Viersen,
Germany) was used and the data were logged using LabView software. Green bodies were first
pre-sintered in a tube furnace at 750 °C for an hour to develop sufficient strength for suspending
from the wires. Platinum paste was applied on each electrode area of the pre-sintered body to
promote electrical connection and current uniformity through the specimen during sintering. The
suspended samples in the flash sintering furnace were then heated in the furnace at a rate of
7.5 °C/ min to 600 °C and then 5 °C / min to 925 °C. Electric fields of 150 V/cm were applied in
all the flash sintering runs. The power supply was programmed to apply a constant voltage but
was subject to a maximum current of 0.5 A. The sintering process was recorded by a video camera
with a constant photo-sensitivity. The temperature of the specimen during flash sintering was
estimated from the logged data by the using the non-equilibrium black body model first proposed

in our previous work [14]:
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Here V is voltage, [ is current, A is the instantaneous surface area of the specimen, o is
Stefan’s constant, ¢ is the emissivity, taken as 0.9 in this work, 7 and 7y are the temperatures of
the specimen and the furnace respectively, m is the mass and ¢, = 600 J kg' K is the heat
capacity of 3YSZ. The temperature during a typical flash sintering process is shown in Fig. 2. The
temperature increased very rapidly from the furnace temperature to the peak value of 1347 °C
following the application of the electrical field. This peak corresponds to the switch from voltage
control to current control at which the electrical power dissipation is also a maximum. The
temperature decreased to a steady value of 1280 °C over several seconds after the peak
temperature point. The sample temperature dropped to the furnace temperature quickly after

power off.
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Figure 2. Temperature as a function of time in flash sintering with a soaking time of 2 min. Insert:

video images at (a) 30s, (b) 32.5s, (c) 80s and (d) after power off.

Conventional Sintering:

For conventional sintering, the specimens were heated in a tube furnace in air from room
temperature to the soaking temperatures of 1150 °C ~ 1500 °C at a heating rate of 5 °C /min. The
soaking time was 1 hour for all the runs. The cooling rate was also 5 °C /min.

Fast Firing:

The fast firing experiments were also carried out in the tube furnace, with a steady state



temperature of 1315°C. The samples were attached to a long C-type thermocouple which was used
both to insert the specimens into the ready-heated furnace and to record the specimen temperature.
To obtain the highest heating rates possible, the samples were inserted rapidly to the hot zone of
the furnace. After sintering for various times (30 s, 1 min, 2 min, 3 min, 5 min and 60 min), the
samples were quickly withdrawn from the furnace and cooled in air. Details of the temperature

profile obtained can be seen in [14].

SHS:.

The SHS reaction between Ni and Al was utilized as a thermal source to supply the 3YSZ
compact with heat. The SHS reactants consisted of Ni (74 um, 99.8%) and Al (29 pum, 98.7%)
powders in a molar ratio of 1:1, with 18-30 mol. % diluents (TiC, 2 pum, 99.5%) added to adjust
the temperature-time profiles of 3YSZ to reach peak temperatures of 1193-1540 °C. During all the
SHS runs, it only took less than 10 s from room temperature to the peak and a maximum of ~1
minute to cool back to less than 1200 C. Details of the temperature profile for the 1301 °C

specimen can be seen in [14].

Characterisation:

Sintered densities were measured by the Archimedes method. For the flash sintered
specimens, only the section between the electrodes was measured. The grain sizes of sintered
specimens were measured using at least 100 linear intercepts from single FESEM (JEOL 6500F)
micrographs of polished and etched surfaces and using a multiplying factor of 1.56. Thermal
etching was for one hour at 1100 °C, except for specimen sintering temperatures of less than 1200
°C, for which 100 °C below the specimen sintering temperature was used. More detailed
observations were performed by a HRTEM (FEI Talos- F200s). The thin-foil samples for TEM
examination were prepared from the sintered body in a focused ion beam instrument (FIB, Zeiss
Auriga). The parameter changes during the flash sintering process were recorded by the
controlling software. The linear shrinkage of FS samples during sintering was measured from the

video images. This information was used to estimate A(¢) in eq. (1).



Table 1. Grain size and relative density in various sintering methods.

. . Maximum sample Nominal heating  Steady state sample Soaking  Relative Grain size
Sintering method No. . b .
temperature (°C) rate (°C/s)* temperature (°C) time (s) density (%) (nm)
1 1150 0.083 1150 3600 82.6 110
2 1200 0.083 1200 3600 95.7 140
) 3 1250 0.083 1250 3600 99.4 170
Conventional
. 4 1300 0.083 1300 3600 99.7 230
Sintering (CS)
5 1350 0.083 1350 3600 99.8 260
6 1400 0.083 1400 3600 99.9 360
7 1500 0.083 1500 3600 100.0 530
1 1315 50 1315 30 83.2 110
2 1315 50 1315 60 88.7 120
.. 3 1315 50 1315 120 96.1 130
Fast Firing (FF)
4 1315 50 1315 180 99.7 150
5 1315 50 1315 300 99.9 170
6 1315 50 1315 3600 100.0 250
1 1193 159 n/a 6.7 89.7 120
Self-propagating 2 1287 125 n/a 5.8 98.3 180
High-temperature 3 1301 339 n/a 5.8 99.0 200
Synthesis (SHS) 4 1313 568 n/a 5.6 99.6 230
5 1540 1250 n/a 4.6 100.0 530
1 1347 94 n/a 0 82.1 110
. 2 1347 94 1280 10 98.8 120
Flash Sintering (FS)
3 1347 94 1280 30 99.7 120
4 1347 94 1280 120 100.0 120

? The heating rate of No.1 SHS, No.1 and No.2 CS specimens are from 950-1150 °C. All the others are from 950-1250°C

® The soaking times for the SHS specimens are defined as the time spent within 25 °C of the maximum



3. Results and Discussion
3.1 Relative density - grain size relationship

The relative densities and grain sizes of 3YSZ specimens sintered by the different methods
are listed in Table 1 along with the heating rates and other sintering parameters. The relationship
between grain size and density is shown in Fig.3 and a selection of the microstructures for dense

specimens (>99%) obtained by the different sintering methods is shown in Fig. 4.
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Figure 3. Grain size against relative density of specimens with various sintering methods.

For conventional sintering, the grain size-density relationship shows the classical form in
which both relative density and grain size increase with temperature, with grain size increasing
rapidly as full density is approached. Samples with a density of 99.4 % could be achieved by
sintering for 60 min at 1250 °C, leading to a grain size of 170 nm. With higher sintering
temperatures, the density increased further towards 100%, but this was accompanied by significant
grain growth, finally reaching 530 nm at 1500 °C. There was no abnormal grain growth.

Vergnon et al [15] proposed the competition between grain growth and densification as a
possible explanation for the improved sintering observed in fast firing. It is therefore of interest to
compare the grain growth for the rapid heating methods with that for the conventional sintering
results. The FF results show that a relative density of 99.7% could be achieved after only 3
minutes at 1315 °C (Table 1) and Fig. 3 shows that the grain growth was indeed lower for a given
density than with conventional sintering. The FF grain size at 99.7% density was 150 nm, which is

only 65% of that in the CS specimen at the same density.



Figure 4. Morphology of fully dense samples with different sintering methods: (a) Conventional
Sintering at 1350 °C (heating rate 0.083 °C/s, dwell time 3600s, relative density 99.8% and grain
size 260 nm); (b) Fast Firing at 1300 °C (heating rate 50 °C/s, dwell time 180s, relative density
99.7% and grain size 150 nm); (c) SHS heating at 1301 °C (heating rate 330 °C/s, dwell time 6s,
relative density 99.0% and grain size 200 nm) and (d) Flash Sintering at 950 °C furnace
temperature at a constant current of 0.5 A, reaching a maximum specimen temperature of 1347 °C

(heating rate 94 °C/s, dwell time 30 s, relative density 99.7% and grain size 120 nm).

The FS specimens also follow this trend. A relative density of 99.7% could be achieved in
only 30 s with a peak temperature of 1347 °C and a steady state temperature of 1280 °C (Table 1).
In this case, the grain growth was very slight, even for the highest densities (Fig. 3), with a very
uniform grain size of only 120 nm being retained to a relative density of 99.97%. Several
mechanisms may contribute to this almost complete suppression of grain growth. The argument of
Vergnon et al, that rapid heating enables the avoidance of a prolonged time at intermediate
temperatures where grain growth may dominate, may be partly responsible.

As an additional mechanism, Ghosh et al. [19] have shown that the application of electric
fields to YSZ can strongly inhibit grain growth, an effect attributed to the interaction of the field

and the space charge at grain boundaries. This suppression of grain growth was shown to lead to



improvements in sintering [20]. The electric fields in the constant current part of the flash
sintering cycle used here were about an order of magnitude higher than those used by Ghosh et al.
so are casily sufficient to produce a significant inhibition of grain growth on the assumption that
the effect does not show a maximum with field. Against that, Dong et al. [21] have also shown
that the passage of high direct currents through YSZ at similar electric fields to those used here for
significant lengths of time (20 hours in the most striking example) can lead to increased rates of
grain growth owing to the consequent electrochemical reduction. It is presumed that the short
flash sintering times used here did not allow sufficient electrochemical reduction for this effect to
overcome the suppression of grain growth by the electric field-space charge interaction. For
comparison, the total area-normalised charge passed in reference [21] was more than 4 orders of
magnitude greater than in a typical flash sintering run in the present work.

An additional consideration is that the initial temperature peak of 1347 °C followed by a
longer period at lower temperature (1280 °C) for the same FS specimen resembles “two step
sintering” [22], in which grain growth becomes frozen at the lower temperature. This has
previously been pointed out for the flash sintering of ZnO by Nie et al. [23]. It is clear from the CS
results in Table 1, however, that significant grain growth can occur at temperatures below 1280 °C
in the present case so the two-step effect does not apply. It is also noted that the FF and SHS
specimens did not experience such a two step profile yet also sintered more rapidly than the CS
specimen. The two-step effect is therefore not significant in explaining the rapid densification of
3YSZ.

Whilst there can be no doubt that the reduction in grain growth at a given density in rapid
heating by FF and especially FS must contribute to the rapid sintering observed with these heating
methods, the SHS results show that it cannot be the main explanation. This is because Fig. 3
shows that the SHS specimens had a larger grain size when approaching full density than
specimens with the same density sintered using any of the other heating methods. Despite this, it
was possible to sinter the SHS specimens to 99% dense in ~ 10 s. The reason for the difference in
grain size between the FF and SHS results is not clear. It may be associated with a reducing
atmosphere caused by the graphite foil used to separate the green compact from the SHS reactants.
In this case, it is conceivable that the atmosphere also accelerated sintering. However, except for

the very densest specimens, the SHS grain size exceeds those of the other methods by less than a



factor of 2 so it seems unlikely that the atmosphere can explain the acceleration in sintering rate of
1-2 orders of magnitude observed in Table 1 and reference [14]. In addition, Fig. 3 shows that the
differences in grain size for any of the specimens only become apparent for relative densities of
more than ~96%, and given that the acceleration in sintering is already apparent at lower densities
(Table 1, Fig. 3), additional explanations must be sought.

3.2 Development of pore and neck geometry

In the last century, near consensus was reached that a major contribution to the success of fast
firing comes from the avoidance of densification-free neck growth by surface diffusion. This is
because surface diffusion is thought to have a lower activation energy than the diffusion
mechanisms controlling densification, i.e. grain boundary diffusion and lattice diffusion, and
therefore dominates at the low temperatures experienced for prolonged periods during slow,
conventional heating. In contrast, fast firing avoids the detrimental effects of surface diffusion by
heating the green body so quickly to the high temperature regime, where densification is dominant,
that neck growth does not have time to occur as the specimen passes briefly through the damaging
low temperature regime. [16,17,18].

The present ceramics have been examined for evidence of such history-dependent differences
in microstructure. Figure 5 shows TEM micrographs comparing the microstructures of partially
sintered CS and FS specimens. The appearance of the specimens is complicated by thin films of
material redeposited in the pores during FIBing of the specimen. Nevertheless, it is evident that
both specimens contain well developed necks and there is no clear difference in the pore shape on

the scale of the necks sufficient to explain the great difference in sintering rates.

Figure 5. TEM micrographs of partially densified samples. (a) Conventionally sintered at 1150 °C

with dwell time of 60 min, relative density 82.6% and (b) flash sintered at ~1300 °C without



soaking, relative density of 82.1%. Note the difference in magnification.

Clear differences in size of the pores and their coordination number are evident, however. Noting
the difference in magnification, careful examination shows that the individual grains in Fig. 5 are
of similar size in both specimens (see also Fig. 3). However, Fig. 5(a) shows that the solid sections
between the pores in the CS specimens tend to consist of several grains, whereas the solid regions
between the pores in the FS specimen in Fig. 5(b) are mainly single grains. This suggests that the
pores are also larger in the CS specimen, and have a higher coordination number.

This contrast is seen more clearly in SEM micrographs of partially sintered specimens (Figs.
6, high magnification and 7, lower magnification). The CS specimen contained many pores which
were significantly larger than the grain size, up to ~10 grain diameters (Figs. 6a, 7a), with
correspondingly high coordination number, and the material in between the pores consisted of
large groups of fully sintered grains. Such large pores would take a long time to remove by
sintering.

These large pores were almost entirely absent in the FS specimen with similar density (Figs.
6d, 7d). Instead, the pores in the FS specimen were smaller than the grain size and were uniformly
distributed, being observable at a majority of the triple points. Note that the small size of the pores
combined with the effect of the thermal etching tends to obscure the porosity in the FS specimens
but the presence of the porosity is clearly evident in the TEM micrograph of the same specimen in
Fig. 5(b) as well as from the relative density (82.1%). Kim and Kim [24] have previously used
mercury-intrusion porosimetry to show that fast firing with a heating rate of ~8 °C/s reduced the
maximum pore size during sintering, and recent results by Kocjan et al. [25] have used the same
technique to demonstrate reduced pore sizes in an initially mesoporous YSZ powder rapidly
heated at ~4 °C/s.

The FF and SHS specimens (Figs. 6b, 6¢, 7b and 7c¢) also had finer pore structures than those
of the CS specimens, demonstrating that the electric field is not solely responsible for this
difference. The porosity in the SHS specimens is not uniformly distributed, being greater in the
interior of the specimen (Fig. 7b) than at the surface (Fig. 7c). The pores in the interior occur in
clusters but the sizes of the individual pores within the clusters are small compared with the CS

specimen. The pores at the surface, where the heating rate was highest, are particularly small and



of low coordination number. This is a consequence of the “outside in” heat flow causing the
formation of a sintered shell on the rapidly heated outside of the specimen, which hinders
subsequent shrinkage of the interior, resulting in turn in a higher porosity level. In larger
specimens, Chen and Mayo found that this effect reduced the overall sintered density [26]. The
rapid densification seen with the small specimens used here, despite some evidence of this
restraining influence, confirms that rapid heating without an electric field is sufficient to cause
ultra-fast densification and that a reduction in mean pore size is linked to this phenomenon.

The kinetics of sintering are highly sensitive to pore size. The densification rate for
intermediate stage sintering, for example, is inversely proportional to the 3 or 4" power of the
microstructural scale, depending on the rate controlling diffusion mechanism [27], because larger
pores reduce the driving force for densification and their greater separation for a given volume
fraction of porosity increases the diffusion distance. The reduction in pore size of up to a factor of
10 therefore goes a long way towards explaining the rapid sintering rates of specimens with high

heating rates.

== 100 nm

Figure 6. High magnification FESEM micrographs of partially dense samples with similar density

and different sintering methods. (a) Conventional Sintering at 1150 °C for 60 min (relative density



82.6%); (b) Fast Firing at 1300 °C for 1 min (relative density 88.7%); (c) SHS at 1193 °C (relative
density 89.7%) and (d) Flash Sintering with a maximum specimen temperature of 1347 °C without

soaking (relative density 82.1%).

Figure 7. Lower magnification FESEM micrographs of partially dense samples with similar
density and different sintering methods. (a) Conventional Sintering at 1150 °C for 60 min (relative
density 82.6%). (b) Interior section of SHS at 1193 °C (relative density 89.7%). (c) Section
showing near-surface region of the same SHS specimen as (b). (d) Flash Sintering with a

maximum specimen temperature of 1347 °C without soaking (relative density 82.1%).

This observation is a significant step forward in understanding the acceleration of
densification observed in rapid heating of YSZ, with or without an electric field [14]. However,
the origin of the difference in pore structure caused by rapid heating remains to be explained. An
obvious possibility is a simple extension to the relevant length scale of the classical fast firing idea
of competition between surface-diffusion controlled coarsening and densification. The pore
network can coarsen to the scale greater than the grain size observed in the CS specimens by

surface diffusion according to the Ostwald ripening driving force or the Rayleigh instability; rapid



heating would again avoid the low temperature regime where surface diffusion dominates. Other
factors may contribute nonetheless, including the influence of grain boundaries with
non-equilibrium composition or structure in rapid heating, as suggested in our previous work [14].
Ultimately, in order to understand ultra-fast firing, a better understanding of the development of
large-scale pore structures in conventional sintering is also needed. This is often evident in
conventional experimental results but is seldom discussed, possibly because most analytical
models for sintering rely on idealised geometries having identical pores at all triple lines or grain

corners of an array of identical grains.

3.3 Comparison of ultra-fast firing with and without an electric field

Like its companion paper [14], the present work shows that 3YSZ can be sintered in a few
seconds without the use of an electric field by heating the powder compacts very rapidly. Similar
conclusions have been reached for the case of ZnO by Zhang et al. [28]. The electric field is
therefore not the primary cause of rapid densification in flash sintering. Very recently, Wang et al.
[29] have also demonstrated rapid densification in other ceramics by external heating, though in
contrast to the present work, in which the same maximum temperatures are used for all heating
methods, Wang et al. use higher temperatures than for typical conventional sintering as an
additional method of increasing the sintering rate.

There are, nevertheless, several advantages of using an applied electric field to provide the
rapid heating necessary for ultra-rapid densification. Some of these are demonstrated in this work.
The suppression of grain growth by the field (Fig. 3), for instance, undoubtedly acts as a
secondary mechanism assisting sintering [19,20], and may also be a secondary contributor to the
retention of a fine pore size (Figs. 6 and 7). The finer sintered grain size can also be expected to
lead to superior mechanical properties.

There also appear to be effects of electric fields on sintering which are not simply a
consequence of microstructural refinement. Careful experiments have recently shown an increase
in sintering rates in yttria-doped ceria in the presence of moderate electric fields but in the absence
of significant grain growth inhibition or change in pore structure [30,31]. However, the sintering
rates in [30,31] were 2 to 3 orders of magnitude slower than those in the present work and it is

emphasised that this field effect is also secondary to the ultra-fast firing effect described here.



A further advantage of using a contacting electric field to heat the specimens is that Joule
heating allows relatively uniform heating throughout the interior of the specimen. The exterior
heat sources used for ultra-fast firing without an electric field in this work were only successful
here because of the very small dimensions of the powder compacts. This allowed heat to be
conducted from the specimen surface to the interior in the short time-scale required. The use of
similar methods on larger specimens of 3YSZ results in the formation of a dense outer shell early
in the process which prevents the subsequent shrinkage of the interior, as described in Section 3.2
[26]. It is notable that the specimens in [29] also have at least one dimension which is small in
scale, presumably for this reason. Flash sintering is therefore a good practical method of achieving

ultra-fast firing for macroscopic components.

Conclusions

1. A strong history dependence of microstructure on heating rate has been observed in 3YSZ. The
more rapid the heating rate, the finer the pore structure and the greater the coordination number
for a given relative density, with or without the use of an electric field. In conventional sintering,
for instance, many pores were up to 10 grain diameters in dimension and had correspondingly
high coordination numbers whereas in flash sintered specimens, most pores were smaller than the

grain size.

2. This difference in pore size is considered a major contributor to the significantly greater
densification rate following rapid heating (again, with or without an electric field). The details of
its origin remain to be determined but an extension of previous ideas concerning competition
between surface diffusion and densification to a scale greater than the grain size offers one
plausible explanation. Nonetheless, contributions from other effects such as non-equilibrium grain

boundary compositions or structures remain a possibility.

3. Grain growth is suppressed more strongly in flash sintering of YSZ than in other rapid heating
methods. This has previously been attributed to the interaction of the electric field with the space

charge at the grain boundary [19].



4. Although an electric field is not necessary for ultra-fast densification, it has several benefits by
way of secondary contributions to sintering, improved properties by microstructural modification

and uniformity of heating compared with external heat sources.
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