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Abstract

The influence of process conditions and
post-annealing treatments on the ionic transport
properties of metakaolin (MK) ceramics prepared
by the cold sintering process (CSP) were
investigated. = Within the temperature range of
120-200 °C, CSP temperature has little influence
on densification and microstructure. Impedance
spectroscopy revealed that all as-sintered ceramics
exhibited significant ionic conduction, with bulk
conductivity of approximately 0.001 S/cm at 600
°C. The associated activation energies are confined
to a narrow range of 0.63-0.65 eV. In contrast,
post-annealing significantly alters the electrical
microstructure, giving rise to an additional grain
boundary response. After annealing at 1100 °C, the
bulk ionic conductivity increased. This increase is
likely attributed to the space charge effect due to the
coexistence of crystalline and amorphous regions.
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1 Introduction

Modern society exhibits an energy-intensive character,
with its structure largely being a product of energy
conversion, storage and utilisation.  The rapid
growth of sectors such as electric transportation,
artificial intelligence and metallurgy has led to a
significant increase in demand for high performance
electrochemical equipment. Electrolytes are central
to devices such as lithium-ion batteries, fuel cells,
supercapacitors, and various electrochemical
sensors [1, 2]. Compared to liquid electrolytes, solid
electrolytes offer significant improvements in both
safety and energy density. Consequently, developing
novel solid electrolytes with high ionic conductivity
has become a main aim in materials science.

In addition to material properties, sustainability is
another key factor influencing materials research.
Exploring environmentally friendly and naturally
abundant materials is one of the dominant strategies.
Metakaolin is an aluminosilicate material obtained
through the dehydration of kaolinite, a naturally
abundant clay mineral widely distributed in the Earth'’s
crust [3]. Its amorphous structure provides potential
pathways for ion migration, enabling it to exhibit ionic
conductivity when mobile cations are introduced [4,
5].

The cold sintering process (CSP) is an emerging
densification = technique  that utilises the
“dissolution-precipitation” mechanism [6-13]. Under
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the combined influence of transient liquid phase (TLP)
and pressure, it enables materials to be densified at
significantly reduced temperatures (typically below
300°C). Compared to conventional high temperature
sintering, CSP not only reduces energy consumption,
its low temperature characteristics also make it an
ideal solution for handling materials susceptible to
degradation at high temperatures. Since the cold
sintering process (CSP) was first introduced in
2016, it has attracted considerable attention due to
its ability to densify ceramics at significantly lower
temperatures compared to conventional sintering.
The technique has been successfully applied to a
wide range of material systems, including microwave
dielectric ceramics, ferroelectric and piezoelectric
materials, solid-state ionic conductors, and battery
components [14-22].

In previous work, MK was successfully densified via
CSP, achieving >90% density while preserving its
amorphous structure [23]. Notably, considerable bulk
ionic conductivity was observed in CSPed ceramic (on
the order of 1073 S/cm at 600 °C) [23], indicating that
CSPed metakaolin could be a promising candidate for
use as a solid-state electrolyte. Compared to synthetic
electrolytes, CSPed metakaolin offers significant
advantages. Its precursor, kaolinite, is a naturally
abundant mineral, ensuring low cost and large-scale
availability. Metakaolin itself can be produced via a
low-temperature ( 650 °C) heating, making it both
energy-efficient and easy to process, thereby aligning
with the goal of sustainable development.

Based on this, the present study aims to
investigate the effects of CSP temperature and
post-annealing on the ionic conductivity of CSPed
MK ceramics. By analysing the relationship between
processing conditions and electrical properties and
microstructure, this study will provide guidance on
optimising processing parameters to improve ionic
conductivity.

2 Experimental

The raw powder used in this research was washed
metakaolin (MK) powder, sourced from Henan Borun
New Materials Co., Ltd. Detailed characterization of
the MK powder, including its chemical constituents
and physical properties, has been documented in our
previous work [23]. The powder was subjected to
an overnight drying process at 200 °C before use. To
prepare the CSP ceramics, the MK powder was mixed
with 5 mol/L NaOH solutions in a weight ratio of
60% using a mortar and pestle for 5 minutes. The

resulting mixtures were then transferred into a 10
mm diameter stainless-steel die. The CSP procedure
involved an initial compaction at 500 MPa under
ambient conditions for 5 minutes. The same pressure
was maintained as the die was then heated to 120
- 200 °C at a rate of 10 °C/min. After a 30 min
isothermal dwell, the system was cooled naturally to
room temperature before the sintered ceramic pellet
was removed from the die. The density of MK ceramics
was measured by geometric method and corrected
for the residual TLP remaining in the sintered MK
ceramics based on our previous study.

The samples prepared at different CSP temperatures
were denoted as CS120, CS160, and CS200,
corresponding to CSP temperatures of 120, 160,
and 200 °C, respectively. Selected CS200 samples
were further annealed at different temperatures,
and these samples were labelled as CS200-A800,
CS200-A950, and CS200-A1100, corresponding to
annealing temperatures of 800, 950, and 1100 °C,
respectively.

Microstructural and elemental evaluations were
conducted using a RISE-MAGNA scanning electron
microscope (SEM). Complex impedance was
measured via an TH2829C LCR meter on pellets
coated with 80 °C cured Ag paste and 800 °C cured Au
paste. Data were normalized for sample geometry, and
high-frequency inductance was mitigated through
short-circuit calibration.

3 Results and Discussion

The influence of sintering temperature on the
densification of CSP MK ceramics is shown in Figure 1.
Within the temperature range of 120-200 °C, the
temperature shows very limited influence on the
density of the obtained MK ceramics with no clear
trend observed. Taking uncertainty into consideration,
the differences among these three temperatures are
not statistically significant.

SEM observations of both the polished surfaces
and fractured surfaces of all three samples indicate
relatively good densification, Figure 2. However, a
certain number of residual pores can still be observed,
consistent with the measured relative densities of
~85%. Contrast variations are evident in the secondary
electron (SE) images of the polished surfaces but not
in the corresponding backscattered electron (BSE)
images. This suggests that the variations are not
related to compositional differences, but rather to
surface-related effects such as roughness or charging.
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Figure 1. Variation of relative density as a function of CSP
temperature.

No clear grain structure is visible in fracture surface
images, but some grain features can be distinguished
in the BSE images, with sizes roughly in the range of
1-5 ppm. Considering that the raw MK powder used in
this study has an initial particle size of approximately 1
pm, it can be concluded that only limited grain growth
occurs during CSP [23].

Figure 3(a) shows the impedance plot of the
as-sintered CSP ceramics. In terms of their electrical
microstructure, all three samples consist of two
distinguishable components, corresponding to the
bulk response (the semicircle) and the electrode effect
response (low frequency spike). The presence of the
electrode effect confirms that these ceramics possess
a significant level of ionic conduction. The bulk
conductivity (opyx = 1/ppuik), obtained from low
frequency intercept of impedance plot, is summarized
in the Arrhenius plot shown in Figure 4(a). Consistent
with previous report, all as-sintered ceramics exhibit
a low-temperature plateau. This behaviour is closely
related to the presence of residual TLP, as the plateau
disappears during the cooling cycle. This plateau
arises from competing effects: increasing temperature
enhances ion mobility, while simultaneous TLP
loss reduces conductive pathways. This leads to
a near-constant conductivity in this temperature
range. Above 300°C, the conductivity exhibits a linear
relationship with the reciprocal of the temperature,
demonstrating its thermally excited nature. The
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Table 1. Shrinkage of CSPed metakaolin (MK) ceramics
after annealing at different temperatures.

Annealing Diameter
Temperature (° C) Shrinkage (%)
800 0.2
950 11
1100 6.5

highest conductivity was observed in C5200, although
all samples reached approximately 0.001 S/cm at 600
°C, with only a modest variation. The activation
energies (E,) extracted from the linear part are
confined to a narrow range of 0.63-0.65 eV, which
are typical values for ionic conductors. Furthermore,
as shown in Figure 3(d), the frequency-dependent
M" spectra of the as-sintered ceramics display bulk
relaxation peaks at nearly the same frequencies for
all samples, suggesting a similar bulk time constant,
which further confirms the similarity of the bulk
phases in these ceramics.

To further investigate the electrical conduction
mechanism of CSPed MK ceramics, post-annealing
was carried out. Although all MK ceramics had
already reached a relatively high density after CSP,
a certain degree of shrinkage was still observed after
annealing. It is known that the amorphous phase in
MK begins to crystallise at around 900 °C, forming a
mixed phase of mullite, spinel and cristobalite. Due to
this phase transformation, densities before and after
annealing cannot be compared on a consistent basis.
Therefore, Table 1 summarises the shrinkage induced
at different annealing temperatures as a reference. The
diameter shrinkage increases gradually from 0.2% at
800 °C to 6.5% at 1100 °C. This suggests that significant
densification only occurs at 1100 °C, with negligible
shrinkage at lower temperatures.

On the other hand, post-annealing has a significant
impact on the electrical microstructure of CSP ceramics.
Figure 3(b, c) shows the evolution of the impedance
plot of the C5200 sample after annealing. The most
significant change is the appearance of an additional
electroactive region (semicircle) in the impedance
plot. Based on the corresponding capacitance values
(~ 1x10719Fcm™1), this new component can be
reasonably attributed to the grain boundary response.
With increasing annealing temperature, the grain
boundary resistance gradually increases, indicating a
progressive evolution of the electrical microstructure.

In contrast, only negligible shrinkage is observed below
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Figure 2. (a—c) Secondary electron images and (d—f) backscattered electron images of polished surfaces of CSP ceramics
sintered at 200, 160 and 120 °C, respectively; (g-i) fractured surfaces of CSP ceramics sintered at 200, 160 and 120 °C,
respectively.

1100°C (see Table 1), suggesting that these changes
are not significantly associated with densification.
This behaviour may be related to the presence of
certain conductive residual species located at the grain
boundaries in the as-sintered ceramics (e.g., residual
NaOH solution from TLP), which were introduced
during the CSP process and initially enhance grain
boundary conduction. Upon annealing, these residual
species are removed through volatilization or undergo
chemical reaction to form a less conductive phase(s),

thereby reducing their contribution to grain boundary
transport.

As can be seen from the oy in Figure 4(b) and
the time constants in Figure 3(e), the bulk response
is relatively unaffected by the annealing process.
The persistence of low frequency spike associated
with the electrode effect further confirms that ionic
conduction continues to dominate in these ceramics.
The opuk of CS200, CS200-A800 and CS200-A950
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Figure 3. Impedance plots of (a) as-sintered ceramics and (b, ¢, e) post-annealed ceramics. Frequency-dependent M
modulus plots of (d) as-sintered ceramics and (f) post-annealed ceramics.

are comparable to each other, with the highest
value observed in CS200-A1100. This outcome is
somewhat unexpected, given that MK typically begins
to crystallise at temperatures above 900 °C, forming
spinel and mullite phases. Since these phases are
generally regarded as electrically insulating and unable
to support significant ionic transport, it is therefore
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Figure 4. Arrhenius plots of bulk conductivity for (a) as-sintered ceramics and (b) post-annealed ceramics.

expected that a certain level of residual amorphous
SiOg will remain in the CS200-A1100 sample. In this
case, the observed increase in opy of CS200-A1100
is likely also associated with the formation of fine
crystallite phases. The interfaces formed between the
new crystallised phases and the remaining amorphous
SiO; can induce space charge effect [24 ], which have
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been demonstrated to facilitate fast ionic migration at
the interface [25-27] and thereby enhance the effective
ionic conductivity of the ceramic.

4 Conclusion

This study demonstrates that the CSP temperature
within the range of 120-200 °C has only a minor
impact on the densification, microstructure, and bulk
conduction property. All as-sintered samples exhibit
similar electrical behaviour, with E, of 0.63-0.65 eV,
which indicates consistent ionic transport mechanisms.
In contrast, post-annealing significantly alters the
electrical microstructure. The appearance of a grain
boundary response after annealing indicates the
progressive removal or transformation of residual
TLP. Higher annealing temperature leads to higher
grain boundary resistance, while the bulk conductivity
remains largely unchanged.
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