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An ultrasonic-assisted resistance sintering furnace was developed by using an integrated crucible to transfer ultrasonic
energy to silicate ceramic samples for improving the conventional sintering process. The silicate ceramic samples were
prepared and sintered by conventional and ultrasound-assisted sintering processes. The shrinkage, water absorption,
bulk density, crystalline phase, and morphology were investigated by using the Archimedes method, X-ray diffraction, and
scanning electron microscopy. The results show that the densification and microstructure of the samples can be improved by
the ultrasound-assisted sintering at lower sintering temperatures and sintering times. The optimum sintering temperatures
in this study were 1160 °C and 1145 °C for the conventional and ultrasound-assisted sintering processes, respectively. The
loading of ultrasonic waves in the sintering can homogenise the grain size and grain shape, and make the grain and pore
distribution more uniform. The microstructure is remarkably improved at the appropriate sintering temperature and sintering

times by ultrasonic-assisted sintering.

INTRODUCTION

Ceramics are essential materials with a wide range
of applications due to their high mechanical, thermal,
and chemical stability [ 1-2]. The sintering process plays
a crucial role in the preparation of ceramics. However,
the microstructure of ceramics is limited by the sintering
methods used in conventional sintering (CS) techniques.
Researchers have developed many new sintering
techniques, such as microwave-assisted sintering [3—4],
spark plasma sintering (SPS) [5—6], flash sintering [7—
10], ultrafast high-temperature sintering [11], and other
sintering methods [12—13] through extensive efforts.
The microwave-assisted sintering and SPS techniques
require expensive commercial equipment. The recently
developed flash sintering and rapid thermal annealing

methods have shown high heating rates suitable for
many ceramics, but need complex equipment [11].
Ultrasonic techniques have widely been used for molten
alloy material preparation and heat treatment [14—19].
However, ultrasonic-assisted sintering techniques are
only available at a few hundred degrees Celsius in the
current studies [20-23].

To overcome the limitations of conventional
sintering, we developed an ultrasound-assisted sintering
technique that can be used to assist conventional ceramic
sintering by the activation of ultrasonic vibration. We
set up an ultrasound-assisted sintering furnace to sinter
ceramics. In this work, the ultrasound-assisted CS (UCS)
of'silicate ceramics was compared with CS to understand
the effect of ultrasonic vibrations on the CS process.
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EXPERIMENTAL

Constituents

The silicate ceramics with a formula of 44 % kaolin,
37 % quartz, 16 % potassium feldspar, and 3 % bentonite
were prepared by ball milling, sieving, and drying the
raw materials. Press forming was used with a forming
pressure of 3 MPa and a dwell time of 20 s. The samples
were sintered by UCS and CS techniques in an air
atmosphere with temperatures from 1050 °C to 1250 °C
with a heating and cooling rate of 5 °C-min™" with three
dwell times (5, 15, and 30 min). The schematics of the
UCS furnace are shown in Figure 1.

Figure 1. Schematics of the UCS furnace (1-sintering house,
2-heating body, 3-pellet sample, 4-diaphragm, S5-ultrasonic

conducting rod, 6-conducting rod supporting frame,
7-ultrasonic transducer, 8-ultrasonic generator)

The ceramic pellet samples were placed in the
diaphragm of the UCS furnace. The ultrasonic wave was
conducted to specimens, and the ultrasonic generator
was started during the dwelling procedure to assist the
sintering during the UCS process. CS was applied at the
same condition without ultrasonic wave assisting.

The dimensional changes to the specimens were
measured before and after sintering, and the linear
shrinkage was calculated. The water absorption and
bulk density were measured by using Archimedes’
method in water. The crystalline phases were identified
by using X-ray diffraction (XRD) with Cu K radiation
(SmartLab-9 X-ray) on the bulk samples. The cross-
sectional fracture morphology of the samples was
characterised by scanning electron microscopy (SEM,
JSM-7800F).

RESULTS AND DISCUSSION

Crystal phase development with temperature

The crystal phase of the samples sintered at different
temperatures by UCS and CS is shown in Figure 2. The
relative intensity of the SiO, and Na,SigO,, crystal phase
diffraction peak in the ceramics was chosen to analyse
the crystal phase development with the temperature.
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Figure 2. XRD pattern of the sintered samples at the different
temperatures.

As shown in Figure 2, the relative SiO, intensity
increases with an increase in the temperature for the UCS
and CS. By contrast, the relative Na,SisO,, intensity first
increases and then disappears with an increase in the
temperature for the UCS and CS. The disappearance of
NagSigO,y at 1160 °C may be the transformation of the
crystal phase to the glass phase, which can be observed
from the SEM image. The intensity peaks of SiO, and
Na(SizO,, are higher for the UCS, which indicates that
the UCS promotes the crystallisation of the silicate
ceramics at an optimal sintering temperature. The effect
of the ultrasonic activation on the sintering weakens with
the increase in the temperature.

Morphology development with temperature

In the SEM image of the CS samples in Figures 3,
4, and 5, the UCS sample has more and larger crystalline
grains at 1130 °C than the CS sample. The UCS sample
has fewer large pores and an optimal grain arrangement
at 1145 °C than the CS sample. With the increase in tem-
perature to 1160 °C, the glass phase in the sample
gradually increased, and the tightness of the arrangement
of the grains steadily decreased in the UCS and CS.
The UCS has more glass phases than the CS in all the
sintering cases.

As shown in the SEM image in Figures 3, 4, and
5, the UCS sample at 1145 °C has the best grain size
and tighter arrangement. This finding shows that the
densification of the UCS sample at this temperature is
the best, which is consistent with the data of the UCS
sample at 1145 °C in Figure 5.

As shown in Figure 3, the pores of the sample after
the UCS are significantly larger than those of the CS
sample when the sintering temperature is 1130 °C. The
grain size is small, and combining the crystal grains with
the CS sample, it is superior to the samples sintered with
the UCS. This finding is consistent with the analysis of
the bonding and grain growth between the UCS disrupted
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) CS

a) CS

particles when the sintering temperature in Figure 6 is
lower than 1130 °C.

The UCS sample shows fewer pores than the CS
sample, and the grain size is larger than that of the CS
sample at the two temperatures of 1145 °C and 1160 °C.
The liquid-phase quantity increases in the sample

b) UCS
Figure 5. SEM image of the sintered sample at 1160 °C for 60 min with the CS (a) and UCS (b).

when the temperature rises. The cavitation effect of
the ultrasonic wave then forces the liquid phase to fill
the pores in the sample. The driving force of the grain
boundary movement is consistent with the favourable
analysis results of the grain growth.
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Densification characteristics with temperature

The shrinkage, water absorption, and bulk density
of the specimens sintered with the UCS and CS methods
at temperatures of 1100 °C, 1115 °C, 1130 °C, 1137 °C,
1145 °C, 1152 °C, and 1160 °C were investigated, as
shown in Figure 6.

The shrinkage and bulk density increase, whereas
the water absorption decreases with the increase in the
temperature for the UCS and CS. In the case of the UCS,
the samples sintered at 1145 °C have the highest density
and lowest water absorption, indicating that the grain
growth of the sample is at its highest in good condition,
and the elimination of stomata is considerable. However,
the shrinkage and density of the sample remarkably
decrease after exceeding 1145 °C. In the case of the CS
sample, the highest porosity appears at 1160 °C. This
condition may be due to an excessively high sintering
temperature, resulting in an increase in the number
of glassy phases in the sample (liquid-phase at high
temperature) and a slight increase in the pores, which
may be caused by the excessively high temperature at
1160 °C. The phase increased to a certain extent, and the
viscosity became small. Therefore, the flow mass-energy
increased, and the elimination of stomata was promoted.
The density of the pure glass phase is lower than that of
the crystal phase. Thus, the increase in the glass phase
leads to a decrease in the shrinkage rate. Therefore,
1145 °C is the optimum sintering temperature for the CS.

Ultrasound-assisted ~ sintering  suppresses the
densification process of the silicate ceramic samples
before reaching 1130 °C, which may be because the
ultrasound disrupts the bond between the grains and
the growth of the grains during the vibration process.
The UCS at higher sintering temperatures of 1130 °C,
1145 °C, and 1160 °C resulted in increased liquid
phase. The liquid phase in the sample filled the pores in
the sample sufficiently, and the liquid phase increased
because of the cavitation effect of the ultrasonic waves.
This condition also increased the driving force of the
grain boundary diffusion, which made the densification
of the UCS silicate ceramic samples take shorter than the
CS silicate ceramic samples. The densification effect of
the UCS at 1145 °C is the most obvious. The sample’s

shrinkage, density, and water absorption are the best
among the UCS temperature and the CS temperature.
When the temperature exceeds 1145 °C, the liquid phase
in the sample becomes excessive, and the viscosity
becomes smaller, which causes the sample to expand
and deform. This condition affects the densification of
the sample, resulting in a decrease in the densification.
As shown in Figure 6, the shrinkage and density of the
sample at the sintering temperature of 1145 °C began to
decrease, and the water absorption began to increase.

Crystal phase development with dwell time

The XRD pattern of the sintered sample for the
different dwell times is shown in Figure 7. When the
UCS is performed for 30, 60, and 120 min, the types and
contents of the crystal phases generated in the silicate
ceramic are the same. They all show SiO, and Na(SisO,,
for several materials, and the effect of the dwell time for
10 and 20 min had a minimal effect on the crystallisation
of the silicate ceramics.

As shown in Figure 7, the intensity of the crystal
phase diffraction peak of the sample after the UCS is
higher than that of the CS sample from 30 min of
incubation to 60 min of incubation. In particular, the
intensity of the diffraction peak is much higher between
30 and 60 min of incubation, and the difference is

120min With Ultrasonic Vibration
* * *
A il

WW <1> A : LPN
120min Without Ultrasonic Vibration

60min With Ultrasonic Vibration
whatiitnatil A Sk shar i lach W At ek

60min Without Ultrasonic Vibration
i T e Ny

30min With Ultrasonic Vibration

) 30min Without Ultrasonic Vibration

| ) ) ¢ SiOy
ONagSigO19
70 80

Intensity (a.u.)

20 30

10

4 50 60
26 ()

Figure 7. XRD pattern of the sintered samples at the different
dwell times.

15.0

{2
il

14.8-

1M
td

-
=
o

g

=

=
i

Shrinkage (%)
= =
~ -

-
G2

-
=
>

e

&

Water absorption rate (%)

—=—UCS
——CS

N
a
bl

—=—UCS

——CS

3
L O O
W oW on
T A

Bulk density (g/cm®)

—=—UCS

——CS

e
N
bl

9
S

13.8 T T T T T T T
1100 1110 1120 1130 1140 1150 1160
Sintering temperature (°C)

a)

1100 1110 1120 1130 1140 1150 1160
Sintering temperature (°C)

b)

1100 1110 1120 1130 1140 1150 1160
Sintering temperature (°C)

<)

Figure 6. Shrinkage, water absorption, and bulk density of the sintered samples at the different temperatures.
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insignificant at 90 min of incubation. When the dwell ti-
me is increased to 120 min, the intensity of the diffraction
peak of the UCS is higher than that of the CS.

As shown in Figure 7, the Na(SizO,, crystal phase
content in the UCS sample increases first and then
decreases with the increase in the dwell time. The highest
content of the Na(SizO,, crystal phase in the three dwell
times is 60 min, so the best dwell time is the content of
the Na,SigO,, crystal phase, which is higher than that of
the CS at 1145 °C for 60 min.

Morphology development with dwell time

The SEM images of the CS and UCS samples at
the different dwell times are shown in Figures 8§, 9, 10,
and 11.

In the SEM image with a magnification of 500x, no
pores are observed when the UCS sample is incubated
for 30 min in comparing Figures 9 to 11. The pores
in the CS sample are huge, indicating that the UCS is
extremely advantageous for the densification of the
ceramics. However, the pores of the two SEM specimens

¥

are noticeable when the dwell time was 120 min,
indicating that the gas phase is concentrated. The UCS
pores are more common than the CS pores, but the pore
size is uniform, indicating that the UCS has a remarkable
liquid-phase content.

The glass phase in the silicate ceramics gradually
decreases, the grain distribution is more uniform, and the
arrangement is tighter and more regular with the increase
in the dwell time before the UCS for 60 min. As the
content of the glass phase in the dwelling procedure for
120 minutes increases, the grains become smaller, and
the crystal grains are not prominent.

Densification characteristic with dwell time

For the sintering temperature of 1145 °C, the test
results of the water absorption and bulk density of the
CS and UCS silicate ceramic samples with the different
dwell times are shown in Figure 12.

The shrinkage rate and bulk density increase
with the increase in the dwell time, and the UCS load

b) UCS

Figure 8. SEM image of the sintered sample at 1145 °C for 10 min with the CS (a) and UCS (b).

v .5

b) UCS

Figure 9. SEM image of the sintered sample at 1145 °C for 30 min with the CS (a) and UCS (b).
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a) CS b) UCS
Figure 11. SEM image of the sintered sample at 1145 °C for 120 min with the CS (a) and UCS (b).
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Figure 12. Shrinkage, water absorption, and bulk density of the sintered samples at the different dwell times.

before 45 min is more remarkable than that of the CS Kinetics of UCS and CS

sample. The ceramic sample loaded with the ultrasonic ) )

wave shrinks after 45 min. The rate is lower than that The effects of the dwell time on the shrinkage rate
of the CS sample. The bulk density variation rule is the ~ ©Of the UCS and CS samples at 1145 °C were substituted
same, except that the dwell time is 60 min. This finding ~ nto the sintering kinetic equation [24]

shows that increasing the dwell time is beneficial to the
densification of the silicate ceramics.

Therefore, the UCS is beneficial to densifying
silicate ceramics before dwelling for 90 min. The UCS ~ where AL/L, is the shrinkage rate, n is the sintering
is unconducive to the densification of silicate ceramics  kinetic characteristic index, ¢ is the dwell time, and & is
after dwelling for 90 min. the equilibrium constant.

Ig(AL/L))=nlgt+1gk @)
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Figure 13. Schematic of the kinetics of the CS (left) and UCS (right).

The data were loaded into Equation 1 to perform the
fitting process, as shown in Figure 13.

As shown in Figure 13, n-ultrasound = 0.08709,
k-ultrasound = 10.2518, n-normal = 0.08399, and
k-normal = 10.25636.

The values of n and k are substituted into the
sintering kinetics formula

AL/L,=A(T)" @)
k=exp(A-Q/RT) 3

where 4 is a constant, R is a gas constant (R =8.314), T'is
the sintering temperature (1418 K), and Q is the sintering
activation energy (J).

We can calculate QUCS = 1x10° J and QCS =
1.2x10° J. The activation energy of the UCS and CS
is compared, and the UCS can reduce the activation
sintering energy. This finding shows that the UCS is
easier to sinter at this temperature.

In accordance with the sintering kinetics, the
sintering is assumed to be dominated by volume diffusion,
which is close to Kings’ kinetic equation. Combined
with the SEM and XRD patterns, the liquid phase has
more crystal phases, and the high-frequency ultrasonic
vibration is favourable to the crystal. The uniform grain
growth, low temperature, and short sintering time during
the short dwell time indicate that the silicate ceramic
sintering of this project is a liquid-phase mass transfer
process with a certain liquid-phase content.

Forthe sample at the sintering temperature, ultrasonic
loading can make the sample to be in high-frequency
vibration during the high-temperature sintering stage.
The action of resistance of the high-temperature thermal
radiation and ultrasonic vibration energy coupling helps
promote the sintering and densification of the sample.
The particles grow rapidly and evenly, the particle size
is uniform and refined, and the performance of sintered
samples is improved.
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CONCLUSION

An ultrasound-assisted sintering techniques has
been developed to assist conventional ceramic sintering
by the activation of ultrasonic vibration. The assistance
of ultrasonic waves can optimise the grain shape,
distribution, and pore distribution, resulting in a uniform
distribution of the grains and pore sizes and a remarkable
improvement in the microstructure at a proper sintering
temperature and dwell time. Activation by loading by
ultrasound at the appropriate temperature can promote
the crystallisation and densification of the sintered
samples of silicate ceramics. The most obvious sintering
condition for the ultrasonic activation to promote the
sintering of silicate ceramics is 1145 °C for 60 min
for this subject. The activation energy of the sintering
is reduced by loading with ultrasonic waves, where a
specific activation effect is observed on the sintering.
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