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Piezoceramics with global porosity and local compaction are highly
desired to exploit the combination of mechanical and electrical proper-
ties. However, achieving such a functional combination is challenging
because of the lack of techniques for applying uniform pressure inside
porous ceramic green parts. Nature provides many examples of gen-
erating strong forces inside the macro and micro channels via the state
transformation of water. Inspired by these phenomena, we present a
technique of “ice and fire", that is, water freezing (ice pressing) and high-
temperature sintering (fire), to produce ideal porous piezoceramics. We
introduce a new compaction method called the “ice pressing method”,
which manipulates liquid phase transition for compaction. This method
has several advantages, including uniform pressure distribution, a wide
pressure range, high effectiveness, and selective freezing. It can gen-
erate an ultrahigh pressure of up to 180 MPa on the piezoceramic green
skeletons in minutes while retaining their functional pore structures. By
exploiting the Mpemba phenomenon, we further accelerate the com-
paction procedure by 11%. The first ice-pressed and second fire-
consolidated lead zirconate titanate (PZT) ceramics are highly densified
and exhibit an outstanding piezoelectric response (dsz = 531 pC N9,
comparable to conventional pressed bulk counterparts and 10—-20 times
higher than those of unpressed materials. The novel ice pressing method
breaks the limitation of lacking a compaction technique for porous
ceramics. The versatile and effective ice pressing method is a green and
low-cost route promoting applications in sensors, acoustics, water
filtration, catalyst substrates, and energy harvesting.

1. Introduction

It is generally recognized that the lower the water temperature
is, the sooner it freezes. However, in 1963, a Tanzanian junior
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Porous ceramics are widely used in energy harvesters, sensors, batteries,
electronics, and filters. The existing technologies cannot manufacture 3D
globally porous but locally compact ceramics in a highly efficient and low-
cost way. It is challenging to generate uniform and controllable pressure
inside porous ceramic microstructures. Inspired by the frost weathering
and Mpemba effect, this work develops an “ice and fire” technique as a
new solution to fabricate globally porous and locally compact structural
and functional ceramics. The term “ice and fire” mimics the classic
manufacturing process of piezoceramic of “force and fire”’: force pressing
and high temperature sintering. Accordingly, two new concepts are
emphasized. One is the ice pressing method, which breaks the
limitation of lacking a compaction technique for porous ceramics. The
other is the unique Mpemba effect for manipulating the freezing process.
The fabricated PZT exhibits an outstanding piezoelectric response of ds; =
531 pC N ', 10-20 times higher than that of its counterparts. Moreover,
the ice pressing strategy is compatible with other manufacturing pro-
cesses, like the sacrificed template, gel casting, additive manufacturing,
etc. Thus, applications in thermal insulation, catalyst substrates, filtra-
tion systems, and biomedical and energy storage and conversion are
expected to expand. This study underscores the versatility and efficacy of
the ice-pressing method and highlights its potential as a valuable tool for
manufacturing complex structures.

high school student, Mpemba, stumbled upon hot milk in a
refrigerator frozen before cold milk."™ After that, the Mpemba
effect was named to describe the phenomenon of an initially
hot system freezing faster in a cold bath than an initially cool
one. Water lends itself to various explanations for the Mpemba
effect, ranging from evaporation to dissolved gasses,* hydrogen
bonding to convection,’ to conduction with the environment.®
Although the phenomenon’s origin is controversial, its explora-
tion sheds much light on scientific research and engineering.
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Here we optimize the water-freezing process and establish a
new rapid-freezing fabrication method.

Water and ice are known to have many unusual features. For
instance, volume expansion is inevitable during the water
freezing process. During frost weathering,” when water fills
the gaps in rocks and freezes in place, the resulting ice growth
can exert pressures of up to 207 MPa inside cracks in the rock,
assuming a temperature of —22 °C.*>° The stress caused by
water expansion induces damage to rocks, plants, buildings,
and infrastructure, revealing the enormous energy involved in
water transformation.” For another instance, freezing does not
always occur even when cooling. Anderson discovered in 1968
that frozen clay mineral-water mixtures contain a significant
amount of unfrozen water, which creates a movable surface
layer that separates the mineral surfaces from the ice.'* The
unfrozen water can also be explained by the Gibbs-Thomson
effect: containing liquids within porous materials lowers the
freezing point. The smaller the pore size is, the lower the
freezing temperature becomes.”'*"? This effect provides a path
to realize regional selectivity via regulating the pore size.

Here, we explore the liquid-solid transformation for fabri-
cating compact piezoceramics. Piezoceramics are key enabling
materials in actuators, sensors, transducers, and memory
devices."""> Compact piezoceramics usually exhibit high piezo-
electric responses'®'” but a low hydrostatic figure of merit and
poor acoustic coupling.'®>* To attain balanced performance or
abnormal responses, researchers have designed three-
dimensional (3D) microstructures such as holes and tunnels
in piezoelectric ceramics and formed metamaterials, smart
composites, and transducers.’”*3?324 Unfortunately, the con-
struction of lightweight porous bodies usually suffers from the
significant loss of mechanical properties and piezoelectricity,
thus making the integration of compactness and porosity
contradictory. Is it possible to fabricate globally porous but
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locally compact materials? Nature shows its intelligence in
such delicate materials as bones and shells; we human intelli-
gence still cannot. Existing technologies, such as uniaxial
compression, sintering, and cold isostatic pressing (CIP), can-
not generate pressure inside micro holes locally without caus-
ing damage to the global structures.'®®>%>”

Inspired by the natural phenomena mentioned above, we
present a technique of “ice and fire”, that is, manipulation of
force via water freezing (ice) and high-temperature sintering
(fire) to produce materials with global porosity and local
compaction. The term ‘““ice and fire” mimics the classic man-
ufacturing process of piezoceramic products of “force and
fire”: force pressing and high-temperature sintering. Here we
use the pervasiveness of water flow to penetrate microstruc-
tures, and then freeze water to generate uniform pressure on
the ceramic green bodies while maintaining the global porous
structure, ending it with a sintering process (Fig. 1).

2. Results and discussion
2.1 Design of the “ice and fire” process

To develop the “ice and fire” technique for producing porous
piezoceramics, we have devised a novel compaction process
that is refers to as the “ice pressing method”. This method is
composed of a rapid cooling system and a sealable container
containing a liquid medium, as illustrated in Fig. S1 (ESIT). The
liquid medium generates uniform and controllable pressure
inside the porous ceramic green parts. To execute the ice
pressing method, a shaped precursor is first put inside a sealed
container filled with a liquid medium. On cooling down, the
liquid medium undergoes a phase transition to a solid state,
resulting in a specific volume expansion. In this work, we have
utilized water as the liquid medium due to its huge volumetric
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Sintering

Macro-porous structure

Micro compaction

Porous Piezoceramic Water Ice

Fig. 1 Schematic of the technique “ice and fire”. The process involves pushing water to penetrate the microstructures, followed by freezing the water to
generate uniform pressure on the ceramic green bodies while maintaining the global porous structure. This is followed by a sintering process to
complete the manufacturing process. The ice pressing method used in this technique shows selective freezing, which allows the functional macro-pore
structure to be retained during consolidation, while the slit or crack (pore diameters less than 1 um) between the particles can be compressed.
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expansion upon freezing. Subsequently, frozen water creates
numerous randomly oriented tiny ice crystals and generates a
uniform force, owing to a liquid nitrogen bath and conduction
system that ensures a uniform low-temperature environment.
Afterward, the container is then removed from the liquid
nitrogen and allowed to thaw at room temperature. As the
temperature gradually increases, the applied pressure unloads
in a controlled manner. Finally, the green compact undergoes
high-temperature sintering, resulting in a fully formed ceramic
structure. As highlighted in the magnified image in Fig. 1, the
porous piezoceramics possess two distinct pore structures. One
is a functional pore structure (usually a macro-pore structure)
that is essential to be retained for optimal performance. The
others are the slits or cracks (pore diameters less than 1 um)
between the particles that need to be compressed. The ice
pressing method deliberately eliminates these slits and defects,
resulting in denser solid parts while maintaining the desired
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porous structure that ultimately enhances the piezoelectric
performance of the material.

2.2 Observation of the water freezing

Understanding the freezing process helps evaluate the factors
influencing ice pressing. To facilitate clear observation, the
vessel lid is open during water-freezing. An infrared thermal
mapping is taken from the top side to record the temperature
variation in real time. As shown in Fig. 2a and Fig. S2 (ESIt), the
solid-liquid interface slowly moves inward during ice pressing
until the liquid completely transforms into a solid. The princi-
ple of ice pressing is analogous to that of isostatic pressing.
According to Pascal’s law,?® the pressure acts equally over the
sample’s surface, uniformly squeezing the green body.

A wide pressure range is one of the remarkable features of
the ice-pressing process. The pressure range during water
freezing is challenging to measure using a single liquid or
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Fig. 2 Observation of water freezing and pressing process. (a) The infrared thermal mappings are taken from the top side to record the temperature.
Water is in a liquid state during stage I; it is pseudo-solid (ice—water mixture) during stage ll-lll, and solid ice in stage IV. The temperature distribution
mappings from | to IV demonstrate the pressure direction during the ice pressing process. (b) The pressure—time curve exhibits the main stages of the ice
pressure process. First, there is a noticeable pressure drop from I to Il, which is caused by the cooling of the equipment. Then stage Il and Ill correspond
to water freezing until it transforms into ice totally. We stopped cooling when water is completely frozen. In stage 1V, ice starts to thaw and pressure
unloads slowly. (c) The typical thermal mapping of the system with water in different initial temperatures (60 °C and 20 °C). The hot system (60 °C) takes
less time (~15 seconds) to be frozen in the system. (c inset) The thermal mapping of the hot system (left) and cool system (right) at 143 s.
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solid pressure sensor, since water transforms from liquid to
solid during the process. To address this issue, we designed a
setup to measure the force during ice pressing indirectly. The
main element is a steel vessel with a removable lid. The
pressure of ice expansion on the lid can be easily determined
using a pressure sensor, which is considered approximately
equivalent to the pressure generated by ice expansion (detailed
in Fig. S3, ESIt). And the pressure generated by ice expansion
on the cover is approximately equivalent to the pressure gen-
erated by ice expansion. According to the pressure-time curve,
the ice pressing process can be divided into two segments:
rapid freezing and slow unloading (Fig. 2b). The first segment
(from I-III) corresponds to rapid freezing, in which the ice and
water phases co-exist simultaneously. The pressure-time curve
drops and then rises due to the competition between ice
expansion and water shrinkage. When water is completely
frozen, the system stops cooling down and comes to the second
segment. Ice starts to thaw and unload slowly. This is consis-
tent with the corresponding density of water/ice at different
temperatures (Fig. S3c, ESIt). The phase transformation can
provide an ultrahigh pressure of up to 180 MPa (Fig. S3c, ESIY),
that is, 1800 times atmospheric pressure. For comparison, the
pressure range of dry pressing is typically between 13 and 100
MPa,**7*? while the pressure range for CIP generally is between
100 and 500 MPa.>***?* The pressure supplied by the ice
pressing method is not as wide as CIP. However, overpressure
may result in the formation of a closed pore and reduce
densification. For practical application, the pressure produced
from the ice pressing method is more than enough to prepare
many piezoceramics. It is worth noting that the high-pressure
generation only requires rapid water cooling down. Besides
adequate pressure from the ice-water transition, homogeneous
pressure distribution originating from the fast freezing in
liquid nitrogen is also vital to improve the ice-pressing method.
As illustrated in Fig. S4 (ESIt), the ice-template structures,
resulting from the freeze-drying of the sodium alginate
solution, reveal that the freezing process produces locally
oriented ice crystals with a high degree of order. Fast freezing
in liquid nitrogen enables randomly oriented tiny ice crystals to
form, resulting in homogeneous pressure.*>’

Rapid freezing of the ice pressing process is essential to
prevent the collapse of the internal framework of the sample
during solidification. The Mpemba effect is utilized to achieve
fast freezing.’®*® To evaluate this, water with different initial
temperatures is introduced into a container, and its tempera-
ture changes are observed as it freezes entirely in a liquid
nitrogen bath. According to the results of in situ temperature
mappings (Movie S1, ESIT) and temperature curves (Fig. 2¢ &
inset), hot water shows an exponentially faster cooling rate to
reach the relative equilibrium than that in the cool case, which
takes less time (about 15 seconds) to freeze. We can accelerate
the compaction procedure by 11% by exploiting the Mpemba
phenomenon. Research conducted by J. D. Brownridge’s group
suggests that convection likely played a role in facilitating the
faster freezing of water at higher temperatures.>" That is to say,
the cooling rate depends on the temperature gradient between
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the sample and its surroundings. Therefore, the temperature of
hot water cools exponentially at the beginning and then slows
down. At the same time, the cooling rate slows down consider-
ably during the last few degrees for the cool water (Fig. 2c).
Notably, the freezing temperature is below 0 °C, indicating
supercooling, which could be attributed to the ambient cooling
temperatures provided by a liquid nitrogen cooling vessel,
typically ranging between —10 °C and —20 °C. In addition, in
the absence of ice nucleators (i.e., ice crystals, dust particles, or
other particles), pure water does not freeze at 0 °C. Sometimes,
the temperature may fall below —39 °C before ice crystals form.
Given these circumstances, hot water would tend to slightly
supercool and spontaneously freeze.*®

The evidence presented above suggests that the Mpemba
effect observed in this system is attributed to both thermal
convection and supercooling. Overall, these findings provide
new insights into engineering optimization based on the
Mpemba effect. Researchers could potentially develop new
strategies for rapidly removing heat from localized sources by
engineering this effect into technologically relevant materials.

2.3 Ice pressing process for dense piezoceramics

As previously highlighted, the ice pressure method is a highly
effective compaction process. It has the potential to replace
conventional compaction techniques to prepare bulk ceramics.
To demonstrate this, the most widely used piezoceramic lead
zirconate titanate (PZT) is adopted as the experimental subject.
For comparison, we prepare PZT ceramic flakes using the ice
pressing process (ICEP-PZT) and without using such a process
(UP-PZT). Compared with the conventional uniaxial pressing,
UP-PZT does not undergo a high-pressure compaction process,
which aims to distinguish the effects of ice pressing. As shown
in Fig. 3al, II and Fig. S5a, b (ESIt), the section view of ICEP-PZT
displays a well-densified morphology without significant poros-
ity in the different sections. In sharp contrast, many slits and
pores can be observed in Fig. 3alll, IV and Fig. S5¢, d (ESIY), as
UP-PZT can only be shaped by mold with slight and inhomoge-
neous pressure. The comparison of the section view reveals that
the ice pressing method generates a uniform force, which is
consistent with Fig. 2b. As a result, ICEP-PZT presents a higher
bulk density (7.35 g cm ) than that of UP-PZT (5.796 g cm ™ ?).
The green body can be well-densified under an ice-enabled
homogeneous pressure, acting through a suitable force-
transmitting medium comparable to CIP.

The compaction of the green body influences piezoelectric
performance. Fig. 3b and Fig. S6 (ESIt) highlight the variation
of the dielectric constant (¢) and dielectric loss (tan d) versus the
frequency. The ICEP-PZT shows a higher dielectric constant
and a slightly lower dielectric loss within the whole frequency
ranges, due to the improvement of the grain boundary after the
ice-pressing process. The polarization levels versus applied
electrical field (P-E) hysteresis loops are shown in Fig. 3c. The
ICEP-PZT performs well-saturated P-E loops with a higher
maximum polarization (53.9 pC cm™?), remanent polarization
(44.07 uC em™?), and a lower coercive field (15.83 kv cm™?),
indicating that ICEP-PZT is easier to be poled.*’ It is commonly

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3mh01869e

Open Access Article. Published on 05 February 2024. Downloaded on 2/23/2026 6:45:06 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Materials Horizons Communication
" 100
14 =
141
801 |
< 1% | -
< T
zeol 7 |
2 Sectloln view 1 Section view
Q) |
by RERS FE IS
2 | Iv BN
= |
o 20 1
~
0 |
< — ICEP-PZT UP-PZT
bzsooo C 0 d 7o
UP-PZT T=213.1C smtpprr | Rl e e e e
20000+ IEESE 1 ——ICEP-PZT Dense PZT(APC 855)
[ ~ 401 5254
15000 : E 5 3 This work
9% : % 0 / g 3501
10000 i = =
! 5 -0 © 1754
5000+ i 5 A
11
il -80 " . . . 0
" e 1 2'(')0I 250 300 350 60 40 20 0 20 40 60 e
None Unijaxial CIP  ICEP
T (°C) Field (kV-cm™)

Fig. 3 Ice pressing method for dense piezoceramic manufacturing. (a) The density comparison of ice-pressed ICEP-PZT and unpressed UP-PZT pellet.
(I'and 1) The FESEM images show two different regions of the ICEP-PZT at the section view, which indicate uniform pressure and a well-densified
morphology. (Il and IV) The FESEM images show the two section view regions of the UP-PZT. A large amount of the slits and pores can be observed. (V)
Density of the ICEP-PZT and UP-PZT pellets. The inset displays the influence of compaction process on the morphology of products (scale bar = 10 um).
(b) Temperature dependence of the relative dielectric constant (¢,) at 1 kHz. (c) P—E hysteresis loops of the ICEP-PZT and UP-PZT at room temperature
and 10 Hz. (d) Comparison of piezoelectric coefficient of the PZT bulk ceramics prepared without pressing (None), and by uniaxial pressing (uniaxial), cold
isostatic pressing (CIP) and ice pressing method (ICEP). (e) Photographs of bulk PZT ceramics in different shapes and bulk BTO prepared by the ice
pressing method (scale bar = 1 cm).

accepted that higher porosity results in lower Pr due to a lower the ceramic bulk, leading to a reduction of remanent polariza-
quantity of active components compared to the dense counter- tion Pr and piezoelectric properties, and vice versa. The
part, leading to a reduced level of polarization.”"*> The high improved piezoelectric performance observed above is attribu-
diffraction peaks can be identified from the XRD patterns, ted to the ice pressure method, which generates a uniform and
indicating good crystallinity (Fig. S7, ESIt). The easy reversal high pressure that acts equally over the surface of the green
of polarization under DC bias can directly result in the improve- bodies, eliminating defects or voids in the final products.
ment of piezoelectric responses.*’**> Therefore, ICEP-PZT also  Therefore, the increased density of ICEP-PZT allows for suffi-
exhibits a higher piezoelectric coefficient d;; of 531 pC N™* cient polarization, thereby further improving the piezoelectric
(Fig. 3d and Table S1, ESIt), which is over four times higher properties of the piezoceramics.*' Overall, we believe the ice
than that of UP-PZT (125 pC N~ '). ICEP-PZT is comparable to  pressing method is a promising compaction process for man-
conventional pressed bulk counterparts (ie., uniaxial ufacturing bulk ceramics. It can increase the densification
pressing®3»%3™45 and CIP?*°?%). Theoretically, the properties degree of green bodies to prepare high-performing piezoelectric
of the piezoceramic depend to a great extent on the densifica- ceramics.

tion degrees of the green compact. For low densification It is important to note that the new ice pressing method
degrees, the electric field is concentrated in the pores with described herein is not only compatible with other processing
lower permittivity. This reduces the effective electric charge in techniques, but also enables the manufacturing of piezoceramics
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in a diverse range of shapes. To illustrate this, we successfully
fabricate cylindrical-, square-, and strip-like PZT and barium
titanate (BTO), as depicted in Fig. 3e. When preparing piezo-
ceramics with a high aspect ratio, the structure may be prone to
collapse during the ice pressing process. However, this challenge
can be overcome by increasing the mechanical strength of the
precursor. For example, the proportion of binders may be
increased, or a pre-sintering step may be implemented. These
measures enhance the precursor’s mechanical strength, ultimately

View Article Online
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mitigating the risk of structural collapse during the ice-pressing
process.

2.4 Ice pressing process enabled porous piezoceramics

Besides dense piezoceramics, the versatile ice pressing method
offers a unique way to create globally porous but locally
compact piezoceramics that traditional densification methods
cannot achieve. In general, porous piezoceramics exhibit sub-
ordinate piezoelectric properties compared with their bulk
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Fig. 4 Effect of the ice pressing method on piezoceramic composites. (a) Structure evolution of porous piezoceramics UP-PZT and ICEP-PZT. The
preparation of UP-PZT involves sintering the precursor while the template undergoes uncontrolled shrinkage, resulting in cracks and micro-slits in
specific framework regions. In contrast, ICEP-PZT processing the ice pressing method, shows selective freezing: water in the macropore structure will
preferentially transform into ice, followed by the water in the slits. A continuous framework with closely arranged grains can be observed in the ICEP-PZT.
(b) FESEM images presents the structure of UP-PZT with separated framework and micro-slits, due to free shrinkage and release of organic gases during
sintering. (c) FESEM images of micro-structure compaction of ICEP-PZT, owing to the ice protection and internal stress generated via ice pressure. (d)
Variation of freezing temperature with pore size at the micro-scale. The smaller pore radius, the lower frozen temperate. (€) PFM amplitude map and PFM
phase image of UP-PZT composites in the out-of-plane direction. The driven voltage is 1 V. (f) PFM amplitude map and phase image of the ICEP-PZT
composites in the out-of-plane direction. The driven voltage is 1 V. (g) PFM amplitude responses ICEP-PZT and UP-PZT composite at different drive
amplitudes, indicating that ICEP-PZT with local compaction presents a higher piezoelectric response. (h) FESEM images and (inset) photograph of the
structure of ICEP-PZT with global pore structures. Noted that the scale bar represents 1 cm. (i) The open circuit output voltage of the porous PZT devices
under pressure from 0.01 MPa to 0.8 MPa. The load frequency is 40 Hz. The insect image displays the measurement device, force application direction,
and output signal. (j) Open circuit output voltage of the two porous PZT devices excited by the same force.
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counterparts due to incompact local bodies, originating from
their fabrication route. One of the most employed methods is
the template-assisted process, in which a polymer template is
first coated or infiltrated with a suspension, followed by sinter-
ing and template removal to obtain piezoceramics with a
morphology similar to the original template. Unfortunately,
the precursor is sintered while free shrinkage of the template
co-occurs, leading to the existence of pores and defects within
the internal structure and struts of the porous skeleton
(Fig. 4a).>>*® The need for a general and cost-effective strategy
for compacting porous ceramic green skeletons is urgent, as
existing compression processes such as uniaxial compression
and CIP are limited by their reliance on solid-to-solid load
paths, which cannot generate forces inside random microchan-
nels. To end this, we introduce the compatible “ice and fire”
technology into the manufacturing of porous piezoceramics.
Porous PZT ceramics are prepared via an ice-pressing assisted
template method'® (ICEP-PZT) and a case without ice pressing
treatment (UP-PZT) for comparison. As demonstrated, UP-PZT
presents cracks in the framework and many micro-slits caused
by the free shrinkage and release of organic gases upon sinter-
ing (Fig. 4a, b and Fig. S8, ESIt). In sharp contrast, a contin-
uous framework with closely arranged grains in the solid parts
can be observed in ICEP-PZT (Fig. 4a, c and Fig. S9, ESIf).
The ice pressing method, in particular, exhibits selective
freezing, with water initially transforming into ice in the
macropore structure and subsequently in the slits (Fig. 4a).
The pore preference originates from the evolution of the ice-
water interface (Fig. $10, ESIT).>"*?%*” At the micro-scale, the
ice-water interface moves into the pore only when the surface
temperature drops lower than the critical temperature. The
freezing temperature T in pore always performs a depression
than that in bulk. The depression can be described using the
Gibbs-Thomson equation (see full discussion in the ESIt):*’

2Viw

Tpore/Tbulk = (l - m)

where 7y;,, is the surface energy between ice and water, pyater iS
the density of water, AH; is the enthalpy of melting, and R is
the pore radius. The equation reveals the crucial factor for
selective freezing, that is, the pore radius. In a word, the smaller
the pore radius, the lower the frozen temperate (Fig. 4d). Accord-
ingly, the structural pores are preserved globally while the cracks
are compressed locally.

Piezoresponse force microscopy (PFM) is adopted to char-
acterize the piezoelectric variation of porous PZT, so as to reveal
the local structure and piezoelectric properties (Fig. 4e and f).
The magnitude of the out-of-plane displacement images is
shown on the left, while the right section displays their corres-
ponding phase images. The ICEP-PZT shows an enhanced
piezoelectric response corresponding to the out-of-plane polar-
ization. In order to evaluate their average piezoelectric proper-
ties, piezoresponse of the region at different driven voltages is
measured.*® The average values of displacement are obtained
from all measurements, as a function of the amplitude of the
applied voltage (Fig. 4g). Thus, the piezoelectric coefficient (ds3)
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of UP-PZT and ICEP-PZT can be calculated to be 71.1 and
93.4 pm V', respectively.

The local compaction structure can improve the local piezo-
electric properties and contribute to the overall output. We
further characterize the overall piezoelectric responses by
assembling the piezoelectric composite device. As the inset
image in Fig. 4i displays, a vibration generator is used to
conduct a special frequency and compressing force onto the
piezoceramic devices. As shown in Fig. 4i, the porous ICEP-PZT-
based composite exhibits a stronger pressure sensitivity than
the porous UP-PZT-based composite at the wide pressure range
from 0.01 MPa to 0.8 MPa. The comparison of UP-PZT and
ICEP-PZT further demonstrates that the local compaction
increases the connectivity of the framework and dramatically
benefits improved piezoelectric responses. This is due to the
simultaneous internal and external stress generated during
freezing, which maintains the porous structure while locally
densifying. Therefore, the compatible “ice and fire” technique
makes it possible to manufacture materials including but not
limited to high-performance porous piezoceramics.

3. Conclusions

The “ice and fire” technology provides an alternative method
for fabricating lightweight and high-performance porous cera-
mics and their composites. However, several essential factors
must be considered when adopting it. First, water at a high
initial temperature is preferred to achieve rapid freezing
according to the Mpemba effect. Second, the loading force
can be easily regulated by the volume of water in the vessel
rather than the temperature. Finally, freezing functional pores
while compressing the defects is possible for defects under 1
pm according to the Gibbs-Thomson effect. It is worth noting
that while the ice pressing method can achieve homogeneous
pressure and high pressing rates, the maximum pressure
generated in the system may not reach the theoretical value
(approximately 202 MPa). The primary reason is the super-
cooling phenomenon observed during the freezing process.
Once water is supercool, the freezing temperature of ice
becomes lower than 0 °C. Only when water completely trans-
forms into ice at 0 °C, the stress reaches the maximum.
Additionally, the ice pressing method may not work if the
functional pore size is smaller than 1 pm, because the differ-
ence in freezing temperature caused by the pore size is not
significant enough.

In this work, piezoceramics with global porosity and local
compaction are obtained by the “ice and fire” process, which
displays a satisfactory combination of mechanical and electri-
cal properties. The ice pressing method is a novel compaction
process with advantages such as uniform pressure distribution,
wide pressure range, highly effective and selective freezing. It
breaks the compaction limitation of current ceramic manufac-
turing methods, since there is no relevant compaction techni-
que for porous ceramics. This study underscores the versatility
and efficacy of the ice pressing method and highlights its
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potential as a valuable tool for manufacturing complex struc-
tures. Moreover, the ice pressing method is compatible with
other manufacturing processes, like the sacrificed template, gel
casting, additive manufacturing, etc. Thus, applications in
thermal insulation, catalyst substrates, filtration systems, and
biomedical and energy storage and conversion are expected to
expand. The study also explores the potential use of the
Mpemba effect in creating technologically relevant materials
that can rapidly remove heat from localized sources, offering
new and essential strategies for materials engineering.

4. Experimental section
4.1 The preparation of ICEP-PZT by ice pressing process

The setup of the ice pressing method is composed of a Dewar
flask and a steel container (internal volume of 3 x 3 x 3 cm?)
with a horizontal movement lid. A Dewar flask is used for a
liquid nitrogen bath. PZT green bodies (see preparation detail in
the ESI Text,t) are packed in a plastic bag and put into a sealed
container filled with water. The container is submerged in liquid
nitrogen and then directly frozen for 5 min. Afterward, it is
removed from the liquid nitrogen until the ice fully melts under
room temperature. After ice pressing, the green compacts are
sintered at 1200 °C for 2 hours after debinding at 600 °C for
2 hours. The sintered pellets (ICEP-PZT) are polished, with Pt
coated on both sides as electrodes for performance evaluation
through magnetron sputtering (Q150TS). As a comparison, UP-
PZT (use the above PZT green bodies directly) is prepared by the
same procedure except for the ice pressing step.

4.2 The preparation of the porous PZT framework and
composites

The chemical-treated wood template and PZT sol-powder sus-
pension are prepared by our previously reported method.*® The
wood template is immersed in PZT sol-powder suspension until
the whole wood template is infiltrated with the PZT suspension
within a few seconds. After squeezing to remove extra PZT
suspension, the sample is dried in an oven at 70 °C for 1 hour.
With the sol immersed in the wood template converting to gel,
the precursor is sintered at 800 °C for 2 hours to remove the
wood template. After ice pressing and sintering again at 1000 °C
for 2 hours in Pb atmosphere, the aligned lamellar piezoelectric
framework is obtained. In comparison, the porous UP-PZT
framework is prepared similarly, except for the ice pressing step.

To prepare piezocomposites based on the porous PZT frame-
work, uncured polydimethylsiloxane (PDMS, Sylgard 184, Dow
Corning Co., Ltd) with 10 wt% curing agent is fully mixed and
then vacuumed to remove the bubbles. Then the prepared
piezoceramic framework is immersed in uncured PDMS until
the piezoceramic framework is fully infiltrated with uncured
PDMS. After curing at 70 °C for 2 h, the PZT composite is finally
obtained. With silver film sputtered as the electrode and PDMS
film spin coated as the protective layer, the prepared PZT device is
polarized at 85 °C for 1 hour under an electric field of 5 kVv mm ™"
and then naturally cooled down to room temperature.
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4.3 Materials and piezoelectric performance characterization

The scanning electron microscopic morphologies of the materials
are examined using a scanning electron microscope (FESEM; FEI
Quanta 450). The energy dispersive spectroscopic (EDS) mapping
of the PZT piezoceramic framework is characterized using an
energy dispersive spectrometer (Oxford Instruments, INCA Energy
200). The bulk density was measured using a Gas Displacement
Pycnometry System (AccuPyc 1340, Micromeritics, America). The
quasi-static piezoelectric constants are measured using a quasi-
static piezoelectric meter (YE2730A d;3; meter). Before testing, the
PZT flakes are sputtered with silver film on each side as the
electrode and then polarized at 130 °C for 1 hour under the
electric field of 3.5 kv mm™". The crystal structures of the PZT
ceramic are characterized by X-ray diffraction (XRD, Rigaku
SmartLab) with a scan speed of 4° per min. The ferroelectric
hysteresis loop was tested using a ferroelectric analyzer (PK-CPE
1701, PolyK Technologies, USA). Temperature dependence of the
relative dielectric constant and the corresponding dielectric loss
tano are detected using a high-temperature dielectric property
test system (DPTS-AT-600, Wuhan Yanhe Technology Co., Ltd). To
assess the piezoelectric behavior of the samples, an Asylum
Cypher ES AFM system is used in the DART mode to minimize
noise and topography crosstalk. A conductive Nano world Arrow-
EFM probe with Pt/Ir coating on both cantilever and tip, featuring
a nominal resonance frequency of 75 kHz and nominal stiffness
of 3 N m™, is used for all PFM and SKPM measurements. The
contact resonance frequency is around 50 kHz. To determine the
effective piezoelectric coefficient dz; of the composites, a small
area of 1 x 1 um? is scanned under AC voltages ranging from 0.2
to 3 V. The open circuit output voltage of porous composite is
measured using a digital oscilloscope (Rohde & Schwarz RTE1024)
and the force is detected using a mechanical force sensor. A
vibration generator is used to generate controllable oscillation
frequency and compressing force.
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