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Porous ZnO ceramics with tunable pore structures were prepared in air at room-
temperature via flash sintering using the pore-former method in conjunction with
a flash sintering device based on a carbon electrode structure. By employing
various amounts of basic zinc carbonate as the pore-former, ceramics with
adjustable porosity were obtained. The results showed that as the content of
basic zinc carbonate increased, both the sample porosity and average pore
size increased significantly; at high contents, millimeter-scale macropores and
well-developed mesoporous structures were achieved. Flash sintering enabled
rapid densification within a very short time, demonstrating high efficiency and
energy-saving advantages. Mechanical property tests indicated that increased
porosity led to decreases in Vickers hardness and fracture toughness. This study
applies the room-temperature flash sintering technology to porous ceramic
materials, expanding the application scope of the room-temperature flash
sintering technology and providing a more efficient and energy-saving new
method for the preparation of porous ceramic materials.

KEYWORDS
carbon electrodes, mechanical properties, pore-forming agent method, porous ZnO
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1 Introduction

Porous ceramics refer to ceramic materials with a large number of pore structures.
They have been applied in various industrial fields, such as catalysis, heat insulation,
sound insulation, biomedicine, etc. Porous ZnO ceramics are commonly used in various
sensors and photocatalytic devices (Shahini et al., 2018; He et al., 2024; Lin et al., 2025;
Carlesso et al., 2013; Shakir and Géber, 2023).

Current research on porous ceramics mainly focuses on methods for introducing pores
into the preform. Scholars have discovered various effective methods, such as the pore-
forming agent method, foaming method, freeze-drying method, 3D printing method, and
sol-gel method, etc. (Chen et al., 2023).

During the subsequent sintering process, traditional sintering techniques are still
employed. Traditional sintering requires long periods of high-temperature heating
to achieve densification. Energy consumption is extremely high and emission issues
are concerns. Pressureless sintering and hot pressing methods typically require
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The surface morphology photographs of ZnO ceramics flash-sintered with different pore-former contents: (A) PF30; (B) PF50; (C) PF70; (D) PF9O0.

FIGURE 1

(B)

(D)

the preform to remain in a high-temperature environment above
1,000 °C for a long time. This limits the large-scale production
of porous ceramics. There is an urgent need to develop a new
technology. It must ensure the pore structure and mechanical
strength of porous ceramics while enabling rapid sintering at low
temperature.

Flash sintering is a novel electric field-assisted sintering
technology that can significantly reduce the required sintering
temperature and duration by applying an electric field to the
green body. During flash sintering, the electrical resistivity of
the body drops as the temperature rises, triggering runaway
Joule heating and causing rapid densification in a short period
(Cologna et al, 2011; Naik et al, 2016). Traditional flash
sintering reduces the required temperature but still relies
on a high-temperature furnace. Recently, researchers have
optimized the sintering environment and equipment. They
have also regulated the composition and properties of green
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bodies. This has enabled room-temperature flash sintering
for various ceramics (Nie et al, 2018; Liu et al, 2020;
Li et al., 2023; Zhao et al., 2024).

Most current research on flash sintering focuses on dense
ceramics. Its application in porous ceramics remains largely
unexplored. Developing a simple, rapid, and energy-efficient flash
sintering technique for the fabrication of porous ceramics is of great
significance.

In this study, a flash sintering device based on a carbon electrode
structure was used together with the pore-former method to achieve
room-temperature flash sintering of porous ZnO ceramics in air.

Compared with traditional sintering, this method significantly
reduces both sintering time and energy consumption. Compared
with Spark Plasma Sintering (SPS), our flash sintering method needs
no extra pressure. The equipment is simpler and it starts at room
temperature. It can also shorten sintering time and save energy. It is
more suitable for the sintering of porous ceramics.
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FIGURE 2
The porosities of ZnO ceramics flash-sintered with different
pore-former contents.

2 Materials and methods

The starting powders were nano ZnO powder (10-20 nm,
Suzhou Youzirconium NanoMaterials Company) and basic zinc
carbonate powder (Tianjin Huasheng Chemical Reagent Company).
The two powders were blended via ball milling to prepare four
batches with basic zinc carbonate contents of 30 wt.%, 50 wt.%,
70 wt.%, and 90 wt.%, denoted as PF30, PF50, PF70, and PF90,
respectively. Each powder blend was mixed with a 5 wt.% polyvinyl
alcohol aqueous solution at a mass ratio of 10:1. A fixed amount
of the slurry was then uniaxially pressed at 400 MPa into disk-
shaped green bodies with a diameter of 20.0 mm and a thickness
of approximately 2.00 mm. The green disks were heated at 400 °C
for 2 h to remove the pore-former and allow the complete thermal
decomposition of basic zinc carbonate, releasing CO, and water
vapor, thereby generating the pore structure.

The flash sintering device employed a composite laminar carbon
electrode structure previously developed for dense ceramics, in
which graphite felt serves as a flexible extended electrode to
effectively limit heat loss, generate thermal plasma, and ensure
good electrical contact between the sample and the electrode.
This structure minimizes current inhomogeneity and facilitates
flash sintering at ambient starting temperature. Localized plasma-
induced heating may occur during the process (Liu et al., 2025).
Although the initial sintering environment was set at room
temperature, localized high temperatures occurred during the actual
sintering process. It initiated flash sintering.

In air, the green disk was mounted on the device and a voltage
of 100 V was applied, immediately causing intense flashing of the
sample. A constant current of 5 A was maintained for 90 s using a
current source, after which power was shut off to complete the flash
sintering process.

The relative density and open porosity of the samples were
measured with the Archimedes method. This method quickly
evaluates open pore structures in porous ceramics. Nitrogen
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adsorption (BET) and scanning electron microscopy (SEM) were
also used. These provide multi-scale pore analysis. Microstructure
was examined by SEM (HITACHI SU8010). Vickers hardness
(XHVT-30Z) tests and fracture toughness measurements were
conducted on representative samples for each composition. The
data show consistent trends from the flash sintering process under
controlled conditions. Pore structure parameters were evaluated
using a specific surface area analyzer (BET, ASAP 2020M+C). X-ray
diffraction (XRD, Bruker D8 Advance) was conducted to confirm
phase purity and crystallinity.

Mechanical and porosity data are reported as mean values from
three independent experiments. Error bars are not shown because
measurements were performed under consistent conditions, and the
observed trends were clear and reproducible. The reported values
are representative of the material behavior under the specified flash
sintering conditions.

3 Results and discussion
3.1 Porosity and morphology structure

Surface morphology photographs of porous ZnO ceramics flash-
sintered with different pore-former contents are shown in Figure 1.
As seen, higher contents of basic zinc carbonate result in a larger
area of porous regions visible on the surface. When the basic zinc
carbonate content reaches 90 wt.%, pores millimeter in size are
visible to the naked eye.

The porosities of porous ZnO ceramics prepared with different
pore-former contents are shown in Figure 2. As illustrated, with
increasing basic zinc carbonate content, both the number and size
of pores rise, leading to increased sample porosity. The highest
porosity was observed in the PF90 group, as high as 16.3%. However,
even when the content reached 90 wt.%, the measured porosity
remained below 20%. This is because the Archimedes drainage
method accounts only for open porosity, while closed pores are
neglected, meaning the calculated porosity actually reflects the
apparent pore volume. From the standpoint of molecular weights
and the decomposition reaction equation, over 70% of the mass
of basic zinc carbonate decomposes to ZnO, which remains in the
green body. Thus, even if pure basic zinc carbonate is used to
form the green body and flash sinter it, taking into account volume
shrinkage, the final sample porosity would still be below 30%.

Figure 3 presents the SEM images of the microstructures of
ZnO ceramics flash-sintered with varying pore-former contents. It
can be seen that higher basic zinc carbonate content leads to more
plentiful micro-pores post-sintering, with particularly apparent
pore structures in the PF90 group. However, pore distribution
becomes less uniform at higher pore-former contents, resulting
in heterogeneous pore sizes and irregular macro-pores in PF90
samples, as clearly visible in SEM images.

3.2 Pore parameters

Figure 4 shows the nitrogen adsorption-desorption isotherms
of porous ZnO ceramics flash-sintered with different pore-former
contents. The curves are typical of type-IV isotherms with
prominent hysteresis loops. Increased pore-former content results
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FIGURE 3
The SEM images of the microstructures of ZnO ceramics flash-sintered with different pore-former contents: (A) PF30; (B) PF50; (C) PF70; (D) PF90.
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FIGURE 4

The latter part of the curve.

The nitrogen adsorption-desorption isotherms of ZnO ceramics flash-sintered with different pore-former contents: (A) The initial part of the curve; (B)
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in higher levels of nitrogen adsorption at high relative pressures,
indicating that the total mesopore volume increases.

The pore size distributions of the samples are shown in Figure 5.
The samples exhibit micro-, meso-, and macropore distributions;
higher basic zinc carbonate content, especially in PF90, leads to
a noticeable increase in large-sized pores, while PF30-PF70 show
relatively similar pore size profiles.
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For PF30-PF70 samples, the pore size distributions show similar
profiles with a predominant mesopore population (2-50 nm),
indicating a relatively uniform pore network at moderate pore-
former contents. PF90 shows a bimodal distribution. The number
of macropores increases significantly. These macropores are larger
than 100 nm. This confirms a transition to a coarser pore structure.
The pore structure is also interconnected.
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FIGURE 5
The pore size distributions of ZnO ceramics flash-sintered with
different pore-former contents.

O o 7.2 -

£ 5 _ g4l T+ BET specific surface area

o a7, O

§ 9 NT‘“ 56F /\\‘

5 € £ asf

@ma 40 L . , ,
60.0 30 50 70 90

gy s0.0f —— Mean pore diameter

=2 Eaoo}

8.2 300}

E 20 0 1 1 1 1

) 0.07 30 50 70 90

2o 0.06 I —=— Total mesopore volume

=} ent

8 5 oos}

ES E

= = 20.04F

D 30 70 90

Pore-forming agent content /%
FIGURE 6

The pore parameters of ZnO ceramics flash-sintered with different
pore-former contents.

Pore parameters for flash-sintered porous ZnO ceramics with
different pore-former contents—BET specific surface area, average
pore size, and total mesopore volume—are presented in Figure 6.
The data indicate that increasing content of basic zinc carbonate
leads to larger total mesopore volumes and greater average pore sizes
after flash sintering. This is because more pore-former generates
more pores in situ upon thermal decomposition. At higher content,
direct contact between basic zinc carbonate particles in the green
body results in interconnected pores after removal, thus increasing
average pore size.

BET specific surface area depends both on the number of
pores and their sizes. At lower pore-former contents, as content
increases, more pores form and pore wall surface area rises, giving
higher BET surface areas. However, with further increases in pore-
former, although the number of pores may continue to rise, the
increasing pore size causes the total inner surface area per unit
volume to decrease, so BET specific surface area gradually decreases.
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FIGURE 7
The Vickers hardness of ZnO ceramics flash-sintered with different
pore-former contents.
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FIGURE 8
The fracture toughness of ZnO ceramics flash-sintered with different
pore-former contents.

Accordingly, BET specific surface area increases and then decreases
with increasing pore-former, attributable to a transition from fine,
dispersed to coarser, interconnected pore structures and the trade-
off between overall surface area and number of pores.

3.3 Mechanical properties

Figures 7, 8 show the Vickers hardness and fracture toughness
of porous ZnO ceramics flash-sintered with different pore-former
contents, respectively. As basic zinc carbonate content increases,
both Vickers hardness and fracture toughness clearly decrease.
When the content is 30 wt.%, the flash-sintered sample reaches
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FIGURE 9
X-ray diffraction patterns of flash-sintered porous ZnO ceramics with
different pore-former contents.

a Vickers hardness of 0.9261 GPa and a fracture toughness of
2.4320 MPa-m®®. Higher basic zinc carbonate content results in
higher porosity, reducing the effective load-bearing area, with
internal stress tending to concentrate at pores and thus lowering the
ceramic hardness. More pores also provide additional sites and paths
for crack propagation, facilitating crack extension between pores.
Furthermore, the presence of pores reduces the interaction between
bridging microstructures (such as grains) and cracks, diminishing
the bridging effect. Therefore, at higher porosities, pores act as the
main propagation path for cracks, lowering the fracture toughness
of the ceramic.

Compared with conventionally sintered porous ZnO ceramics
reported in the literature, flash-sintered samples exhibited
comparable mechanical properties at similar porosity levels,
while the processing time was reduced from hours to seconds,
offering dramatic energy savings (Roy, 2015). This advantage is
similar to the characteristics of other emerging low-temperature
technologies (Wang et al., 2025). But flash sintering technology can
achieve the same effect without the need for specialized pressure
equipment or additional subsequent processing steps.

As the porosity increases, mechanical properties will decrease
accordingly, which is consistent with the microscopic structure
observation results shown in Figure 3. It can be seen from the figure
that stress concentrates near the pores, promoting the expansion of
cracks. The interconnected pore networks in high-porosity samples
also prove this point.

3.4 Crystal structure analysis

Figure 9 shows the X-ray diffraction patterns of flash-baked
porous ZnO ceramics with different contents of pore-forming
agents. All samples show characteristic peaks corresponding to the
hexagonal wurzite crystal structure of ZnO (JCPDS number 36-
1451), indicating that the flash sintering process did not introduce
any secondary phases or impurities. The sharp diffraction peaks
indicate high crystallinity even under rapid sintering conditions.
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No peaks corresponding to basic carbonate zinc were detected,
which confirmed that it had completely decomposed during the
degreasing process.

4 Conclusion

Porous ZnO ceramics with different porosities were successfully
prepared in air by combining the pore-former method with room-
temperature flash sintering technology based on carbon electrodes.
The basic zinc carbonate serving as the pore-former decomposes
thermally during debinding, generating gas pores and leaving only
ZnO as the final component. The experimental results indicate:

The porosity, pore size, and total mesopore volume of the
ceramic samples increased significantly with increasing basic zinc
carbonate content, reaching a porosity of up to 16.3% at 90 wt.%
basic zinc carbonate.

When the basic zinc carbonate content was 30 wt.%, the Vickers
hardness of the flash-sintered sample reached 0.9261 GPa and
the fracture toughness 2.4320 MPa-m®>. Increasing porosity led
to decreased ceramic hardness and fracture toughness. This work
demonstrates highly efficient, low-energy-consumption sintering of
porous ZnO ceramics and provides new strategies for the fabrication
and application of porous ceramics. This work demonstrates
highly efficient, low-energy-consumption sintering of porous ZnO
ceramics and provides new strategies for the fabrication and
application of porous ceramics.
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