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ABSTRACT

Heating rate plays a major role in the ceramic sintering process, especially in many new advanced sin-
tering techniques. In this study, the effects of ultra-high heating rate up to 1200°C/s have been inves-
tigated on various ceramic nanoparticles by in situ transmission electron microscopy (TEM) heating
experiments to monitor the morphological changes immediately after the heating process and dur-
ing the holding time. It was revealed that an ultra-high heating rate is highly effective in densifying
3 mol.% yttria-stabilized zirconia nanoparticles but was less effective for 8 mol.% yttria-stabilized
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zirconia or zinc oxide due to the competing diffusion mechanisms.
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This work demonstrates the use of in situ TEM heating for real-time and direct observation of ceramic
nanoparticles to study the impact of ultra-high heating rates up to 1200°C/s.

1. Introduction

One of the most highly desired characteristics in bulk
ceramics is reaching full density while maintaining nano-
sized grain sizes [1,2], which makes sintering is one of the
most critical processing step in achieving these charac-
teristics. Sintering involves high temperature below the
melting temperature and long holding time to provide
sufficient thermal energy for the diffusional process to
transport mass from the bulk or grain boundaries to the
pores and thus densify the material. This is a challeng-
ing process as surface diffusion occurs simultaneously
which leads to grain coarsening and the reduction of the
driving force for densification. As a result, high levels of
densification are often accompanied by significant grain
growth during the long and high-temperature sintering
process. Therefore, the ceramic sintering process has to
be meticulously studied in order to find the optimized
conditions (i.e. sintering time, temperature, heating rate)

to reach full density while maintaining a nanosized grain
structure [3-5].

Increasing the heating rate has been a simple yet effec-
tive way to improve the densification of ceramics, espe-
cially during the initial and intermediate stages of sinter-
ing. Slow heating rates are typically dominated by surface
diffusion because it has a lower activation energy than
densification mechanisms and dominates at low temper-
atures [6]. By using a high heating rate, coarsening can
be suppressed at low temperatures and the driving force
can be maximized for densifying the particles. Early stud-
ies showing the advantages of high heating rates were fast
firing studies, where samples were rapidly inserted into a
preheated furnace and led to significant improvement in
the final density and less grain growth compared to that
if the conventionally sintered samples [4,7-9].

Recently, the development of new sintering techniques
with external fields has quickly evolved because the use
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Figure 1. Estimated heating rates of various sintering techniques.

of external fields has shown to significantly reduce the
highly intensive heating process [10]. Interestingly, the
effectiveness of these new sintering techniques is mainly
attributed to the elevated heating rates. Figure 1 shows
the heating rates involved in various ceramic sinter-
ing techniques, including the new techniques such as
flash sintering and ultra-fast high-temperature sinter-
ing [11-17]. The rapid heating rates achieved in these
new techniques are in the estimated range of 10° to
10*°C/min [11,12,15,17]. However, most of the funda-
mental sintering studies have only investigated the effects
of heating rates in the typical heating rate range between
10 to 10°°C/min [4,18,19]. Hence, there is a strong need
for fundamental sintering studies in the ultra-high heat-
ing rate range to explore the benefits of using a higher
heating rate but without the impact of an external field.
In situ transmission electron microscopy (TEM) is a
highly effective characterization technique for studying
direct and real-time changes to a material. This advanced
technique has helped to study various phenomena that
are challenging to understand through ex situ tech-
niques, such as interfacial reactions and phase change
during battery cycling [20,21], defect dynamics in resis-
tive switching [22,23] and sintering of metal nanopar-
ticle for catalytic process [24,25]. Currently, there are

0 =3
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only a handful of studies which have utilized this in situ
technique for studying ceramic sintering [26-30]. In
order to investigate the effects of ultra-high heating rates
on sintering of ceramic nanoparticles, in situ TEM is
employed in this work to directly observe and analyze
the evolution of the nanoparticles after ultra-high heat-
ing rates. With the use of a micro-electro-mechanical
system (MEMS) microheater, the desired temperature
(up to 1200°C) can be immediately reached and thus
achieving ultra-high heating rates (~ 1200°C/s). In this
study, 3YSZ (3 mol.% yttria-stabilized zirconia), 8YSZ
(8 mol.% vyttria-stabilized zirconia), and ZnO systems
were investigated using in situ TEM, since they are the
most well-studied ceramic systems using the ultra-high
heating rates. The implementation of this in situ tech-
nique revealed a contrasting response of each oxide to the
effects of ultra-high heating rates on the ceramic sintering
process.

2. Experimental procedures

Three different nanopowders were used in this study,
including 3YSZ (TZ-3Y, Tosoh corporation, 80nm)
8YSZ (TZ-8Y, Tosoh corporation, 80 nm) and ZnO (US
Research Nanomaterials, Inc, 20 nm). The nanopowders



were dispersed in ethanol and sonicated for 15 min. The
dispersed powders in solution were then dropped on
MEMS-based microheater chips (Thermo Fisher Scien-
tific) with an amorphous carbon film. The chips were left
to dry for 30 min to allow full evaporation of ethanol and
then mounted on a NanoEx "™-i/v TEM holder (Thermo
Fisher Scientific).

The in situ TEM heating experiments were conducted
in a Thermo Fisher Scientific Talos F200X TEM operated
at 200 kV. A small current is applied to the MEMS micro-
heater chip with the nanoparticles to begin the heating
process. An area of the particle agglomerate with min-
imal overlap and at least five enclosed porosities was
selected for quantitative analysis before, during and after
the heating process. To minimize electron beam effects,
the beam illumination area was enlarged to avoid heating
issues and the electron beam was periodically moved to a
different region in between the image and video acqui-
sitions to minimize any electron beam-induced effects.
The selected highlights of the videos are compiled and
included in the supplementary files.

3. Results

For the heating of 3YSZ nanoparticles, the target tem-
perature was set to 1200°C, which is commonly used by
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conventional sintering studies [31]. Figure 2(a) shows
the heating profile used for 3YSZ for the ultra-high
heating rate and the corresponding TEM micrographs.
Before the heating process, five enclosed porosity sites
among the agglomerate of nanoparticles were marked
by the outlines and labeled P1 to P5. The target tem-
perature of 1200°C was reached immediately within a
second by the MEMS microheater, resulting in an ultra-
high heating rate of 1200°C/s. Due to the abrupt change
of temperature, the snapshot was captured one minute
after the heating process in order to readjust the image
focus. Within one minute of heating at 1200°C, major-
ity of the porosity sites (P1, P3 and P5) were completely
eliminated and the remaining porosity sites (P2 and
P4) have significantly reduced in size. For comparison,
another in situ experiment with a slow heating rate of
5°C/s was employed with the same target temperature
for 3YSZ nanoparticles as shown in Figure 2(b). Simi-
larly, five porosities were tracked and labeled P6 to P10.
The removal of porosity was clearly less effective after
slow heating, as all of the porosity still remained after one
minute at 1200°C. The measured total pore area before
and after the heating process is shown in Figure S1 for
both ultra-high heating rate (sum of P1 to P5) and slow
heating rate (sum of P6 to P10). The total pore area is
very similar for both samples before heating but showed
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Figure 2. Heating profile for (a) ultra-high heating rate (1200°C/s) and (b) slow heating rate (5°C/s) with corresponding snapshots of the
3YSZ nanoparticles before heating and one minute after reaching 1200°C during in situ TEM.
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Figure 3. Snapshots of the 3YSZ nanoparticles during the holding time at 1200°C after (a) ultra-high heating rate (1200°C/s) and (b)
slow heating rate (5°C/s). The measured pore areas during the holding time are shown in (c) and (d) for ultra-high heating rate and slow

heating rate, respectively.

a much larger reduction with the ultra-high heating
rate.

As the 3YSZ case showed such significant improve-
ment in porosity removal using a higher heating rate,
we further analyzed the difference in selected area elec-
tron diffraction (SAED) patterns before heating and one
minute after reaching 1200°C for both heating rates. The
SAEDs shown in Figure S2 were acquired in separate
in situ TEM heating experiments for the purpose of keep-
ing continuous microstructure observation in the first
experiment. The SAED for the ultra-high heating rate
showed mostly discrete spots in a diffraction ring before
heating. After one minute of heating at 1200°C, the SAED
remained in a similar pattern. On the other hand, the
nanoparticles which experienced a slow heating rate had
several additional distinguished diffraction spots which
appeared due to particle rotations.

To analyze the impact of the heating rate over the sin-
tering time, the target temperature was further held for
30 minutes. Figure 3 shows the snapshots of the evolution
of nanoparticles during the holding time after ultra-high
heating rate and slow heating rate, along with the mea-
sured pore areas during the holding time. As most of
the porosity was quickly removed during the first minute
of heating after an ultra-high heating rate, the remain-
ing porosity was minimal and was successfully removed
within 15 min of heating to 1200°C. During the rest of
the holding time, some particles begin to coalescence

which are signs of coarsening and typical final stage sin-
tering. On the contrary, the porosity removal for the slow
heating rate occurs at a much more gradual rate dur-
ing the holding time and still contained residual porosity
even after heating for 30 minutes. In addition, the pore
on the top left corner transformed into a more circu-
lar shape and significant particle coalescence occurred,
which are indications of surface diffusion occurring dur-
ing the holding time.

To further investigate the effect of ultra-high heating
rates on other oxide nanoparticles, in situ TEM heating
studies on 8YSZ and ZnO were also conducted and com-
pared. The same heating profile was utilized for 8YSZ to
directly compare the difference to that of 3YSZ. Figure 4
shows the snapshots for 8YSZ nanoparticles before heat-
ing, after heating and during the holding time with an
ultra-high heating rate (1200°C/s) and slow heating rate
(5°C/s). While no pores were completely removed after
heating for both cases, the change in total pore area
before and after heating (Figure S3) showed a reduction
in pore area for the ultra-high heating rate, while the slow
heating rate showed an increase in total pore area. The
decrease in pore area after ultra-fast heating of 8YSZ is
not as significant as 3YSZ, but is still an improvement
compared to the nanoparticles which experienced a slow
heating rate. During the holding time, there were signif-
icant fluctuations in the ultra-high heating rate sample,
where some pores experienced shrinkage and some pores
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Figure 4. Snapshots of the 8YSZ nanoparticles before heating and during the holding time at 1200°C after (a) ultra-high heating rate
(1200°C/s) and (b) slow heating rate (5°C/s). The measured pore areas during the holding time are shown in (c) and (d) for ultra-high

heating rate and slow heating rate, respectively.

experienced coalescence. The slow heating rate sample
did not exhibit much changes during the holding time
with very minimal shrinkage overall.

To compare the densification rates between the 3YSZ
and 8YSZ samples, the porosity percentage of ultra-
high heating rate and slow heating rate for 3YSZ and
8YSZ were collectively compared in Figure S4. The ini-
tial porosity area before heating was assumed to be 100%
for all cases at 0 min. The 3YSZ with ultra-high heating
rate showed the largest decrease in porosity area within
one minute of holding time, followed by 3YSZ with a
slow heating rate, 8YSZ with ultra-high heating rate and

finally 8YSZ with slow heating rate. During the holding
time, both 3YSZ and 8YSZ with ultra-high heating rate
showed further removal of porosity, while the slow heat-
ing of 3YSZ and 8YSZ both showed fluctuations due to
pore coalescence.

A similar comparison of heating rates was performed
on ZnO nanoparticles. The temperature was heated to
1000°C, which is around the conventional sintering tem-
perature for ZnO [32,33]. Figure 5(a) shows the heating
profiles and series of snapshots for ZnO nanoparticles
before heating, 30 seconds after the ultra-high heating
rate at 1000°C/s and 200 s of holding at 1000°C. After
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Figure 5. Heating profile for (a) ultra-high heating rate (1000°C/s) and (b) slow heating rate (5°C/s) with corresponding snapshots of the

Zn0 nanoparticles at various points during the heating process.

the temperature was instantly raised to 1000°C, there
was no major change to the particle morphology. Only
after 200 seconds at the holding temperature, substantial
transformation in the particle morphology was observed.
Although densification is likely to have occurred due to
the reduction in particle agglomerate size, there was still
porosity left within the agglomerate which could point
towards the sintering mechanism of vapor transport. For
comparison, the heating profile for the slow heating rate
(5°C/s) is shown in Figure 5(b) with the correspond-
ing snapshots. During the slow heating to 1000°C, there
were already significant changes in the particle arrange-
ment between the temperature of 780-1000°C. In addi-
tion, all of the porosity within the cluster was completely
removed leading to a much more compact nanoparticle
agglomerate.

4. Discussion

Through these real-time observations of particle mor-
phology changes, the effects of ultra-high heating rate
on ceramic nanoparticles can be directly monitored. The
3YSZ nanoparticles exhibited the expected pronounced
effects of heating rate. Within the first minute of heat-
ing to 1200°C using the ultra-high heating rate, most
pores were completely eliminated and the remaining
pores were reduced in size. Consequently, the remain-
ing porosity was rapidly removed within the next 15
min of heating. The size of the pores has a significant

impact on the kinetics of sintering, as large pores tend
to reduce the driving force for densification [34]. Using
a slower heating rate is less efficient in removing the
porosity especially due to the reduction of driving forces
from surface diffusion. In addition, the SAED results
show that the slow rate heating provided sufficient time
to drive the particles to rotate. This could likely con-
tribute to enhanced coarsening as particles can easily
coalesce and lead to large grain structures [35]. Further
investigation on the impact of heating rate on particle
rotation during sintering is needed and can be studied by
utilizing dark field imaging during in situ TEM heating
experiments.

The results from the in situ TEM heating of 3YSZ
nanoparticles in this work strongly agree with the fun-
damental understanding of heating rate on sintering and
also recent heating rate studies performed on 3YSZ in
bulk samples. Studies reported by Ji et al. compared sin-
tering of 3YSZ through various techniques, including fast
firing, self-propagating high-temperature synthesis and
flash sintering [11,12]. Their work showed that the rapid
densification in the flash sintering technique is mainly
contributed by the rapid heating rate with and with-
out an electric field. Prajzler et al. performed similar
heating rate experiments for 3YSZ with larger geometry
samples and reached the same conclusion [36]. In this
study, the direct real-time observation of nanoparticles
reveals how the suppression of surface diffusion during
ultra-high heating rates really aid to eliminate porosity
for 3YSZ.



Interestingly, the effectiveness of ultra-high heat-
ing rates is not equal for other systems. 8YSZ is
usually more difficult to sinter into fine grain sizes and
dense microstructures compared to 3YSZ. This can be
attributed to the activation energy for grain growth is
105 kcal/mol for tetragonal but only 69 kcal/mol for
cubic [37]. Consequently, the growth rate for cubic zir-
conia has been predicted to be up to 250 times faster
than that of tetragonal zirconia [37]. Even with the ultra-
high heating rates, the reduced activation energy for grain
growth mechanisms are dominant and avert the densi-
fying mechanisms. Overall, the improvement in densifi-
cation under an ultra-high heating rate was significantly
less pronounced for 8YSZ in comparison to 3YSZ. This
agrees well with the previous studies comparing the sin-
tering of 3YSZ and 8YSZ [38,39]. Thus, the sintering of
8YSZ may require additional driving force for densifica-
tion, such as an applied pressure, will be needed to result
in fully dense and nanograin samples [40].

In comparison to 3YSZ and 8YSZ, ZnO showed a very
contrasting morphology evolution. Both ultra-high and
low heating rates underwent very notable changes to the
structure of the particle agglomeration after a short heat-
ing period. Studies have shown that ZnO experiences
significant vapor transport, especially at high tempera-
tures above 1000°C [32,33]. As the heating experiment
was performed in an ultra-high vacuum atmosphere, the
vapor transport mechanism could be even more pro-
nounced. One of the most interesting observations for
ZnO was the significant morphological changes which
occurred during the slow heating between 780°C and
900°C. This specific temperature range seems to be the
optimal sintering temperature for ZnO where most of
the densification process occurs. This same tempera-
ture range was also noted by Mazaheri et al. where they
showed that the rate of sintering ZnO was most sig-
nificant [32]. With the in situ TEM heating capability,
the specific range of temperature for rapid densification
could be easily identified through direct observation in
TEM.

Based on the in situ TEM heating results, we can
observe the advantages of ultra-high heating rates for
densifying ceramic samples, which could also apply to
many of the new sintering techniques. However, there are
limitations and challenges which remain in the imple-
mentation of this in situ TEM technique. Due to the lim-
ited projected view of TEM imaging, there could be over-
lapping of particles and removal of porosity in the direc-
tion of the electron beam which could not be observed.
This makes the quantification of morphological changes
challenging and will require either 3D tomography tech-
nique to be implemented [41], or analysis through annu-
lar dark field image and EELS mass-thickness maps [27].
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In addition, the free surface effects during particle sinter-
ing in the TEM could differ from the particle sintering
in bulk form, considering the particle arrangement and
potential e-beam interactions during TEM observation.
Although such free surface effects are likely to impact the
sintering kinetics, the in situ TEM heating results are con-
sistent with prior bulk sintering studies, which suggests
that it has minimal impact on the overall sintering study.

5. Conclusions

This in situ TEM heating study sheds light on the effects
of ultra-high heating rate on ceramic nanoparticle sin-
tering. Using an ultra-high heating rate clearly has a
very strong impact on densifying 3YSZ nanoparticles
specifically. However, the effects of the ultra-high heat-
ing rate do not seem to carry over to the other two
oxides tested in this work. For the case of 8YSZ, the dif-
ferences between the ultra-high and slow heating rates
were minimal, where the nanoparticles experienced lim-
ited densification even at an ultra-high heating rate. On
the other hand, the sintering of ZnO nanoparticles using
both ultra-high and low heating rates resulted in signif-
icant vapor transport at high temperatures. These direct
observations through in situ TEM heating have revealed
contrasting effects of ultra-high heating rates in vari-
ous ceramic systems and will help to understand the
densification behavior in the new sintering techniques,
such as flash sintering, microwave sintering and ultra-fast
high-temperature sintering.
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