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a b s t r a c t

Although zinc oxide has a high melting point of 1975 �C, the recent development of the cold sintering
process has shown that highly dense polycrystalline ceramics can be obtained at 150 �C or below. As such
unusual densification does not yet have fully elucidated underlying mechanisms, this study aims to
provide a comprehensive investigation of transient morphological and chemical interfaces during
isothermal dwell. The chemical “transient” interface involves the formation of a zinc carboxylate com-
plex by reacting the host zinc oxide powder and acetic acid solution, which is later consumed for the
recrystallization on the lattice of an adjacent grain with a decomposition of the complex. Hence, the final
outcome can be a residual-free zinc oxide phase. Regarding the morphological evolution, gas phys-
isorption studies were conducted to quantify the area of solidevapor interfaces and the Schlaffer model
was used to analyze the activation energy for specific surface area reduction. Moreover, transmission
electron micrographs revealed that the recrystallization occurs at the interface between crystalline grain
and carbon-rich amorphous phase. After 30 minutes of isothermal dwell, the area of the amorphous
phase was significantly decreased while grain size was increased, potentially indicating the
recrystallization-induced grain growth and pore closure. The chemical transition at the zinc oxide surface
was further investigated using ReaxFF molecular dynamics simulation, observing that acetate molecule
acts as a bridging complex to connect zinc ions to the surface. Overall, understanding the evolution of the
transient interface is a crucial subject to obtaining a residual-free cold-sintered sample with desired
grain size and properties for application developments.

© 2022 Elsevier Ltd. All rights reserved.
1. Introduction

Sintering is a long historical materials processing method for
transforming a natural substance into man-made earthenware that
dates back to at least 26,000 years [1]. From then, it has been awell-
established bulk and thick film fabrication technique, which is still
evolving upon the development of new sintering methods.
Although discovering new materials processing can immensely
contribute to scientific and technological innovation, the whole
investigation may take several decades to understand governing
fundamentals and to implement industrial-scale productions. Take
spark plasma sintering (SPS), also known as field assisted sintering
technique (FAST), as an example, its technological origin was pio-
neered by Bloxam [2] through developing the first current resistive
sintering apparatus in 1906, but it was until the 1990s to have
exponentially growing interests in its scientific and industrial
implementations for accelerating new materials development [3].

To evaluate the maturity of a particular technology, a concept of
Technology Readiness Levels (TRLs) [4] can be regarded as one of
the assessment methods to measure a course of developing and
utilizing a new sintering methodology where understanding
densification kinetics is a crucial step to attain Level 3, which in-
cludes analytical predictions. The densification kinetics can be
studied by quantifying the shrinkage of a powder compact during a
sintering process, but like Kuczynski, a pioneer of theorizing a neck
growth model, remarked at the VI International Conference on
Sintering in 1985 that the complexity of developing a new model
for demonstrating microstructure evolution during sintering pro-
cess is still far from solved [5]. Especially, in the case of relatively
recent non-conventional sintering methods, a densification kinetic
study often requires incorporating additional fundamental knowl-
edge to understand related mechanisms. Take the master sintering
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curve method [6] as an example, despite its comprehensive appli-
cability [7e9] for estimating sintering activation energy and pre-
dicting densification behaviors, a scientific community is still active
to find a way to improve the methodological accuracy [10].

Among non-conventional sintering methods, cold sintering
process can take a complementary positioning in the powder
densification process space for enabling significant energy saving
[11] and ceramic matrix polymer composite fabrication [12]. By
utilizing uniaxial pressure, transient chemical phase, and homolo-
gous temperature below 0.2, the cold sintering has been considered
as a non-equilibrium process to develop functional composite
materials for various applications [13e15]. Although the term cold
sintering may have been widely used to even describe powder
compaction behavior or plastic deformation that requires second-
ary heat treatment to complete the sintering process, its discrimi-
native technological advantages are largely relevant to a single-step
low-temperature process. The direct evidence of sintering is
observed in the reduction of specific surface area between powder
and sintered specimen [16,17] and a high degree of surface area
reduction is reported in single-step cold-sintered material systems
as well [18e20].

We herein, investigate the densification kinetics based on spe-
cific surface area reduction and the evolution of transient
morphological and chemical interface during isothermal cold sin-
tering process, where ZnO was used as a model sintering system.
We previously reported non-isothermal densification kinetics of
ZnO by establishing densification process variables, which are
transient chemistry (m(t)), sintering temperature (T), uniaxial
pressure (P) and dwell time (t), and demonstrated its intrinsically
low-sintering activation energy during heating [21]. This study is
intended to investigate the isothermal densification kinetics and
interface evolution using both experimental and computational
approaches, which can nurture empirical insights into more
comprehensive analytical predictions to be established in due time.

2. Methods

2.1. Cold sintering process

1.0 g of the ZnO powder (Alfa Aesar 40e100 nm APS powder)
and 15 wt% of 2 M acetic acid solution were mixed in an agate
mortar for 5 minutes. Then, the mixture was transferred into a 13-
mm diameter carbon tool steel pressing die (Across International
SDS13) with a custom-designed support plate [21] for thermo-
couple placement shown in Fig. S1 (CAD file available: github.com/
sunhwibang/sintering_die). The sintering die was uniaxial pressed
under 175 MPa at room temperature for 5 minutes to stabilize the
powder compactionwhere the excessive liquid phasewas extruded
by the applied pressure. After pre-pressing of the mixture, the
pressing die was then heated using a mica band heater where the
average heating rate was 15 �C/min. Starting from the initial tem-
perature of 25±1.0 �C, the dwell time was measured from the set
isothermal temperature and the steady-state heat fluctuation was
within ±5.0 �C. After the set dwell time ranging from 0 to 30 mi-
nutes, the uniaxial pressure was released and the pressing die was
fan-cooled down to room temperature.

2.2. Materials characterization

The bulk density of a cold-sintered pellet was quantified by
dividing the sample weight by the volume:

r ¼ m
pr2 h

(1)
2

wherem is themass of the sample, r is the radius of the sample, and
h is the pellet thickness. The diameter was measured by a digital
caliper with the accuracy of ±0.01 mm. The thickness was recorded
on a pellet surface using a position display unit (Heidenhain ND
280) with the accuracy of ±1 mm. The relative density was then
evaluated by taking the bulk density over the theoretical density,
which is 5.61 g/cm3 for ZnO. Brunauer, Emmett, and Teller specific
surface area (BET, Micromeritics ASAP 2020) was used to quantify
the surface area reduction between powder and the cold sintering
process. The degassing condition was N2 atmosphere for 8 h at
80 �C and such a low-temperature and longtime were chosen to
avoid any undesired microstructural changes during the degassing
process. Fourier transform infrared spectroscopy (FT-IR, Bruker
V70) was done over mid-IR (4000e500 cm�1) to identify functional
groups present within a cold-sintered specimen. The fracture sur-
face morphology was analyzed by scanning electron microscope
(SEM, FEI NovaSEM 630) and 10-nm iridium sputtering was used to
minimize electron charging from the landing energy of 7 keV. A
thin specimen was prepared using focus ion beam (FIB, Thermal
Scientific Scios 2) for transmission electron microscope (TEM, Telos
F200X).

2.3. Computational method

The simulation box used in this study is composed of a
condensed and solvent phase: the ZnO region and the liquid region,
respectively. The solve phase is composed of acetic acid, water
molecules and zinc ions. The surface region was simulated using a
ZnO slab in the wurtzite structure, which consists of 7 layers con-
taining 1764 Zn2þ and O2� ions. The slab thickness used in the
simulations were thicker than the cut-off value of the interatomic
interactions. The solvent phase of the simulation box was prepared
and equilibrated separately from the condensed phase, and both
phases were combined after equilibration. The solvent region is
composed of 100 Zn2þ ions, 200 acetate molecules (to neutralized
the total charge in the chemical system), 300 acetic acid molecules
and 500 water molecules. It was experimentally reported that the 2
hydration shells of Zn2þ ions are composed of 20 water molecules
[22]. The stage of cold sintering, that is of interest in this study, is
when the evaporation starts in the system. Therefore, for the sake
of accelerating molecular dynamics simulations, we assumed that
the solvent phase is slightly saturated and thus, the number of
solvent molecules for each ion in the solvent phase was selected as
10. The density of the solvent phase was calculated adjusting the
simulation box to keep water density as 1 g/cm3 and acetic acid
density as 1.05 g/cm3 at the beginning of the simulation.

Once both solvent and condensed phases were equilibrated
separately, the solvent region was placed on the top of the ZnO. In
order to mimic the experimental conditions in the pore region
during cold sintering process, a vacuum region is created in the
simulation box on the direction perpendicular to the surface. The
vacuum region allows the solve to evaporate, but at the same time,
keep the vapor pressure in the system. The ReaxFF interatomic
potential used in this study was reoptimized to model ZnOeacetic
acidewater chemical systems at elevated temperatures and pres-
sures [23,24], and also in several cold sintering related studies [25];
therefore it is suitable to use in this study. The Amsterdam density
function (ADF) software was used in this study [26]. A time step of
0.25 fs combined with velocityeVerlet algorithm was used to
calculate the Newtonian equations of motion. The thermostat that
is used to keep temperature constant at desired values was selected
as a weak Berendsen thermostat [27]. The temperature damping
constant was selected as 0.1 ps. All simulations were performed in
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NVT ensemble. The simulated boxes were heated slowly to 600 K
with an increment of 0.002 K/fs.

3. Results and discussion

3.1. Densification during isothermal sintering

Fig. 1 presents the microstructural evolution between 0 and
30 minutes of isothermal dwell at 150 �C combined with relative
density and average grain size measurements. From the series of
micrographs, it is evident that the population of small grain di-
minishes and the grain shape changes from round to faceted, which
is likely attributed to grain shape accommodation under the given
cold sintering condition. Fig. 2a shows the cumulative frequency of
grain size during the given isothermal dwell time. Indeed, the grain
size is gradually increasing with respect to the time. While the
relative density slightly increases from94.4% to 97.2%, average grain
size significantly increases from 109±47 to 183±41 nm, indicating
that grain growth kinetics is dominantly faster than pore closure
under these experimental condition based on both grain size and
specific surface area measurements. However, the given observa-
tion is not entirely consistent with what Nur et al. [28] reported
where the degree of grain growth is highly dependent on sintering
atmospheres. For the air environment, one of the possible expla-
nations can be closely related to a large difference in sintering
temperature (DT ¼ 100 �C), which can impact the evolution of
transient chemical interfaces. Although the noticeable difference in
applied uniaxial pressure (DP ¼ 130 MPa) may also affect the grain
growth, the pressure-dependent topography study [29] showed
that grain size and surface dihedral angle do not have distin-
guishable morphological changes between 205 and 340 MPa.

The empirical equation relating grain size and time during
isothermal dwell was originally proposed by Iida in 1958 [30]:

Dn ¼ Kt (2)

whereD is the average grain size, n is the reciprocal of the slope, K is
the rate constant, and t is the isothermal dwell time. Although n is
Fig. 1. Microstructure evolution of the fracture surfaces and relative den

3

often linked to determining a possible diffusion mechanism for a
sintering process, its origin was based on the experimental fitting
upon which grain growth kinetics was developed. After deter-
mining n from varying the dwell time, Eq. (2) can be used to
extrapolate average grain size at a given time where a small n value
will estimate large grain size. Fig. 2b plots the empirical exponents
from the reported ZnO grain size data [28,31]. It is evident that n
value ranges widely different, which is sensitive to densification
process variables including transient chemical reaction, sintering
temperature, uniaxial pressure, and dwell time.
3.2. Specific surface area reduction kinetics

Considering the fundamental driving force for sintering, a par-
ticulate system is to reduce free energy by changing surface energy
and surface area at the interfaces [32,33], which is denoted as:

DG ¼ ADgþ gDA (3)

where DG is the Gibb's free energy, A is the interface area, and g is
the interface energy. Here, the area of solidevapor interface can be
quantified by physisorption of gas molecules or mercury intrusion
[34,35]. For sintering studies, the specific surface area measure-
ment can provide comprehensive information to evaluate sintering
kinetics as such technique is sensitive to the effects of mass
transport mechanisms [17,36,37]. Fig. 3aed illustrates the changes
in particle surface area during a sintering process. Comparing the
cases of Fig. 3a and b, the specific surface area is not changed by
particle compaction under uniaxial pressure. In other words,
packing without plastic deformation does not change the particle
size and shape as to be expected with ceramic materials, unless
there is brittle fracture, which was not observed in this study. In
Fig. 3c, some degree of neck formation can occur at the beginning of
isothermal dwell, leading to the reduction of the specific surface
area. Fig. 3d highlights further decrease in solidevapor interface
during the isothermal dwell due to densification and pore elimi-
nation. Table 1 experimentally supports such notions by measuring
the various conditions of ZnO specific surface area using the
sity (r) after 0, 5, 10, and 30 minutes of isothermal dwell at 150 �C.



Fig. 2. (a) Cumulative frequency plot of grain size after 0, 5, 10, and 30 minutes of
isothermal dwell at 150 �C where 400 grains were counted. (b) Determination and
comparison of empirical exponent from average grain size and isothermal dwell time.

Fig. 3. Diagrams of specific surface area: a) powder, b) powder compaction, c) sintered
for t0, and d) sintered for tf. e) ZnO specific surface area reduction a during dwell time.
f) Arrhenius relation between the ratio of specific surface areas and inverse of sintering
temperature.
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Brunauer, Emmett, and Teller (BET) technique. In the case of cold
sintering, It is clearly shown that pressing powder under 340 MPa
does not change the specific surface area but noticeable reduction
occurs during heating and isothermal dwell. The reported values
[38,39] also demonstrate that systematic specific surface area
reduction does depend on sintering temperature and time.

Hence, phenomenological equations have been progressively
proposed to understand activation energetics for surface area
reduction of particles [40e43]. In this study, the Schlaffer model is
used to analyze the specific surface area data. This model has
considerable merit in accurately fitting specific surface area
changes across many sintering systems during the course of all
stages ranges from initial to final [44]. Themodified Schlaffer model
is expressed as follows:

�dS
dt

¼ kS�n (4)

where S is the specific surface area, t is time, k is the reaction rate
constant depending on temperature, and n is the order of the re-
action. Solving the given first-order nonlinear ordinary differential
equation using separation of variables and imposing the physical
4

conditions where the specific surface area is non-zero positive
values, Eq. (4) now becomes:

Snþ1
0 � Snþ1

f

nþ 1
¼ k

�
tf � t0

�
(5)

Note that t0 is zero by the definition of the beginning of
isothermal dwell. Then, Eq. (5) can be further simplified into:

ln

 
S0
Sf

!
¼
�

1
nþ 1

�
ln
�
ktf ðnþ 1Þ

�
(6)

According to Eq. (6), n can be determined by experimental
fitting over isothermal dwell datawithout the need of assuming the
values of exponents based on a single diffusion mechanism. Then,
the activation energy of surface area reduction is deduced from k
where the reaction rate constant expressed in the form of Arrhe-
nius equation:



Table 1
ZnO BET specific surface area (SSA) measurements of various conditions.

Sample Condition SSA [m2 g�1]

Spowder As-is 13.6±0.02
Scompaction Uniaxial pressing under

340 MPa
13.6±0.01

S0 At 0 minute of isothermal
dwell at 150e200 �C

1.6e1.4

Sf After 30 minutes of isothermal
dwell at 150e200 �C

1.0e0.4

S0 [38] At 0 minute of isothermal
dwell at 400e1000 �C

4.9e0.5

Spowder [39] As-synthesized 52.0
Sf [39] After 60 minutes of isothermal

dwell at 400e800 �C
43.8e8.7

S.H. Bang, M.Y. Sengul, Z. Fan et al. Materials Today Chemistry 24 (2022) 100925
k ¼ k0exp
��Ea

RT

�
(7)

Fig. S2 plots Eq. (6) for various n from negative to positive value
and the arrow indicates its magnitude increases, showing how the
ratio of S0 to Sf changes over time. Considering the physical nature
of S0 and Sf where both values are positive and surface area only
decreases over the time, n is logically deduced to be a positive
parameter as the ratio will only increase over the time. Fig. 3e
compares ZnO specific surface area as a function of isothermal
dwell time between cold sintering process and solid-state sinter-
ing. In the case of cold sintering, it is evident that higher
isothermal temperature results in a smaller S0 and a faster
reduction rate. However, in the case of reference solid-state sin-
tering data [39], no clear distinction was made between Spowder
and S0, which may relate to the low sintering temperature used in
the study where minimal neck formation was expected during the
heating process. Other than the aforementioned difference, the
solid-state sintering also shows a faster reduction rate at a higher
isothermal temperature. Both of data sets comprehensively high-
light the systematic evolution among specific surface area, sin-
tering temperatures, and isothermal dwell times. Fig. 3f shows the
Arrhenius relation between the ratio of specific surface area and
inverse of sintering temperature after 30 minutes of isothermal
dwell where the resulting linear fitting slope is differed by 5%.
Table 2 summarizes the activation energy calculation based on the
modified Schlaffer model shown in Eq. (6). The order of reaction,
n, was experimentally determined for each sintering temperature
where the resulting averages are 2.7±2.3 for the cold sintering
process and 9.4±6.6 for solid-state sintering. Considering the
implication of n parameter, this verifies that the reduction rate of
surface area is significantly faster for the cold sintering process.
The resulting values for the activation energy show that ZnO cold
sintering requires only 33% of energetics of solid-state sintering to
reduce solid-vapor interfaces and such a notable difference likely
pertains to fast evolution of transient chemical interface rather
than solid-state diffusion.
Table 2
Activation energy for ZnO specific surface area reduction of cold sintering process
(CSP) and solidestate sintering (SS) [39] based on the modified Schlaffer model. n is
the order of reaction at sintering temperature, n

 
is the average of n, and Ea is the

activation energy.

Method Temperature [�C] n �n Ea [kJ mol�1]

CSP
(this study)

150 4.9
175 2.7 2.7±2.3 77.4±68.3
200 0.40

SS
(Gray, 1954)

400 16.5
600 8.3 9.4±6.6 231.3±169.5
800 3.4
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However, the limitation of the analysis is that the distinction
between S0 and Spowder is not clear, which changes the ratio of
specific surface area in Eq. (6). Such distinction is critical to un-
derstand the specific surface area reduction during the isothermal
stage and to accurately apply the physical model. A significant
experimental uncertainty of the cold sintering can be associated
with the accelerated decomposition of anhydrous zinc acetate be-
tween 150 and 200 �C [45], which can be expressed by the
following reaction:

Zn(CH3COO)2(s) þ H2O / ZnO þ 2CH3COOH (R1)

Therefore, the formation of ZnO is kinetically favored at a higher
sintering temperature, which can influence the rate of specific
surface area reduction. Indeed, it is clear that the experimentally
determined n is highly sensitive to sintering temperatures for both
sintering techniques, leading to a considerable uncertainty to
activation energy calculation. However, it is correctly reflecting the
specific surface area reduction behaviors with respect to sintering
time and temperature [46] Such analysis can be considered as a
preliminary investigation to understand the transition from the
solidevapor interface to the solidesolid interface during the cold
sintering process, which can be compared to that of solid-state
sintering. Moreover, the cold sintering process can, for example,
offer unique processing opportunities for fabricating solid-state
battery composite materials [47e49] where understanding the
evolution of specific surface is crucial to control performance
characteristics such as impedance, capacity, and charging and dis-
charging rates [50].

3.3. Chemical evolution

As the major driving force for the cold sintering process is a
chemical reaction between host powder and transient liquid
phase, it is crucial to understand chemical evolution during the
sintering process where the FTIR technique has been increasingly
used for studying local chemical environment [20]. Fig. 4a shows
IR spectra of the starting ZnO powder, acetic acid solution, and
reference zinc acetate dihydrate powder for accounting the for-
mation of zinc acetate complexes [21,51]. Fig. 4b presents IR
spectra at the different stages of cold sintering from mixing to
isothermal dwell up to 120 minutes and Table S1 summarizes
possible corresponding molecular vibrations for observed wave-
numbers. For the starting ZnO powder, the observed bands at
3450, 1648, and 1288 cm�1 indicate humidity absorption, which is
in agreement with the previously reported TGA data [21]. When
the zinc oxide powder and 2 M acetic acid solution are mixed at
room temperature, new bands around 1630 and 1393 cm�1 likely
suggest the formation of zinc carboxylate complex. In order to
estimate the coordination type of the complex, it is reported that
the difference in the wavenumbers of symmetrical and antisym-
metrical vibration modes of the carboxyl groups (Dna�s ¼ na
(COO�) � ns (COO�)) can be used to determine the bonding force
of acetate anion and zinc cations [52]. However, the mixture does
not present the corresponding absorbance around 1445 cm�1 for
the symmetrical vibration mode, so further investigation is needed
to fully understand the detailed coordination of the carboxylate
ligands. During the heating to 200 �C, the major bands at 1547 and
1393 cm�1 gradually attenuate and no organic group is detectable
after 120 minutes of isothermal dwell. The given spectroscopic
study provides concrete experimental observations about the
chemical evolution of the transient phases during the ZnO cold
sintering process. Once zinc carboxylate complex forms by mixing
ZnO and acetic acid solution, it is presented in the system and
involved in densification and grain growth. Like the name,



Fig. 4. FTIR analysis. a) Reference zinc acetate dihydrate powder (Sigma-Aldrich ACS
reagent, � 98%), 2 M acetic acid solution, and zinc oxide powder. b) Mixture of zinc
oxide powder and 2 M acetic acid solution, cold-sintering quenched at 100 �C,
quenched at 200 �C, isothermal dwell for 120 minutes at 200 �C.
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“transient” implies, controlled isothermal dwell can result in
residual-free ZnO polycrystalline ceramic.
3.4. Morphological evolution of transient interface

In order to further understand the ZnO morphological and
chemical evolution during isothermal dwell, TEM and EDS mea-
surements were carried out. In the case of a 0-minute isothermal
dwell sample, Fig. 5a shows a low-magnification image capturing
overall dense microstructure with small population of bright spots,
possibly pertaining tomass or thickness contrast. Fig. 5b reveals the
interface between ZnO grain and the bright spot in high-
magnification, evidently displaying the recrystallization near the
interface while the presence of amorphous phase further away
from the interface. Fig. 5c characterizes the elemental composition
of the associated area, verifying that the bright spot is composed of
carbon, which is due to the formation of zinc acetate complex.
Moreover, the line profile shows that carbon seems to segregate at
the interfaces, implying that molecular dynamics may be distinc-
tively different between crystalline ZnO grain and amorphous zinc
acetate complex. After 30 minutes of isothermal dwell, however,
such a transient interface is now significantly changed. Fig. 5d
6

presents a low-magnification micrograph of dense microstructure
with a frequent population of large grains and reduced bright spots.
Fig. 5e captures the triple point of ZnO grains in high-magnification
where the small center area does not show obvious lattice fringe,
suggesting the presence of the amorphous phase. Also, the grain-
to-grain interface is clean due to complete recrystallization.
Fig. 5f verifies that the center area is filled with carbon and the
smaller size compared to the 0-minute case indicates that the
transient chemical reaction is now very close to the completion.
The presented TEM data brings important discoveries regarding the
existence and evolution of the transient phases at the interface
during isothermal dwell. Moreover, controlling the amorphous and
residual phase on these grain boundaries is a critical determinant to
electrical and mechanical properties of a cold-sintered ZnO sample
[31,53].

Based on the experimental interface characterization, the
following schematic is proposed to conceptualize morphological
changes occurring at the transient interface. Fig. 5g illustrates the
formation of the transient phase on the grain surface by the
chemical reaction between ZnO powder and acetic acid solution.
Under isothermal dwell and uniaxial pressure, Fig. 5h highlights
the recrystallization of the transient phases onto the existing
crystalline grains through Ostwald ripening process and decom-
position of organic species. Fig. 5i displays the pore closure as a
result of continuous recrystallization until the depletion of the
transient phase. The given idea has a close similarity to the concept
of grain-scale dynamic recrystallization used in earth science. Also
known as syntectonic recrystallization, dynamic recrystallization is
synchronous with deformation where materials from the grain are
formed in the grain boundary region and consumed for the
recrystallization on the lattice of an adjacent grain that is going
under grain growth [54]. Considering the use of low-temperature,
deviatoric stress, and fluid-enhanced chemical activities, we find
that profound analogies can be made between the cold sintering
process and geological deformation process, which can bring new
insight to understand low-energy densification.
3.5. ReaxFF simulation

The experimental analysis shows that there is an increased
carbon content in the grain boundary region of the cold-sintered
pellet. In order to understand the interfacial dynamics in this cor-
responding region, we modeled the ZnOesolvent interface by
conducting molecular dynamics simulations using ReaxFF inter-
atomic potential [55]. The ZnO surface modeled in this study is the

ZnO (101
 
0) plane, and the solvent is a mixture of Zn2þ ions, acetic

acid and water molecules. To model such chemical systems using
ReaxFF, force fields are prepared to reproduce the reference
chemical events obtained by quantum chemical methods, such as
density functional theory, using ReaxFF dynamics simulations
method. Then the force field can be applied to larger molecular
systems for longer simulation times. The ReaxFF force field used in
this study has been successfully applied to model surface reaction
kinetics in cold sintering process [23,25,56]. Fig. 6a displays the
initial configuration of the simulation which was prepared by ho-
mogeneously distributing the Zn2þ ions, acetic acid and water
molecules to create a solve phase. The temperature was increased
to 600 K to simulate the evaporation stage of cold sintering inside
pore region at the ZnOesolvent interface. Please refer to the
computational method section for more details.

According to the simulation, with the increase of temperature,
outer hydration shells around Zn2þ ions in the solve phase are
dissociated. The removal of water molecules around the ions re-
duces the permittivity of the medium, and thus, enhances the



Fig. 5. Microstructure after 0-minute isothermal dwell: (a) low-magnification of bright field image, (b) high-magnification where the inset graph displays the recrystallization near
the interface, and (c) EDS mapping highlighting the carbon-rich phase at interface; Microstructure after 30-minute isothermal dwell: (d) low-magnification, (e) high-magnification,
and (f) EDS mapping. Proposed schematics for recrystallization and pore closure at the interface. (g) precipitation occurs at the pore, (h) surface recrystallization onto a neighboring
grain and decomposition of organic species, and (i) pore closure.
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interatomic interactions. Our simulations demonstrate that water
molecules around Zn2þ ions in the solvent phases are dissociated at
the early stages of temperature increase, and acetic acid (or acetate)
molecules tend to substitute these water molecules based on the
following chemical reaction:

Zn$4H2O þ 2CH3COOH / Zn(CH3COOH)2$nH2O þ (4n)H2O (R2)

The binding of acetic acid is observed monodentate; however,
may switch to bidentate formwith the increase of temperature due
7

to the desorption of water and/or deprotonation of acetic acid. The
binding between Zn2þ and acetic acid is stronger than that of Zn2þ

and water [23]; therefore, we observe in the simulations that when
the system is reached to equilibration, the density of organic mol-
ecules is higher around the ions. The temperature increase does not
only dissociate the hydration shells around ions in the solution
phase, but it also removes the tightly bound structured water layer
on the oxide surface, which enhances the precipitation of ions from
the solvent phase to the surface. As a result, Zn2þ ions tend to
precipitate before organic acids are removed from the system and



Fig. 6. The influence of temperature to the carbon distribution at the ZnOewatereacetic acid interface. (a) The initial configuration of the simulation box, which shows the state
before the temperature is increased. It shows that the carbon density is homogeneously distributed through the direction perpendicular to the ZnO surface. (b) The final
configuration of the simulation box, which shows the state after the temperature is increased and the simulation box is equilibrated at that temperature. It shows the carbon-rich
layer on the surface. Key: Zn2þ ion in solvent phase (purple), oxygen atom (red), hydrogen atom (white), carbon atom (cyan), zinc atom in condensed phase (gray). Only one side of
the surface is given, and water molecules are hidden in visualization to increase the visibility of carbonerich region. c) The density of carbon atoms with respect to the distance from
the ZnO surface, indicating a strong binding of the zinc acetate complex to the ZnO surface.
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thus carry these adsorbed molecules. As a result of the precipita-
tion, Fig. 6b shows a stable carbon-rich layer is created on the
surface. Fig. 6c consequently presents the increases of the carbon-
content near the surface. The structure of the stable layer is
mostly composed of zinc acetates where acetate molecules act as a
bridging complex to connect Zn2þ ions to another one or the sur-
face. The timescales in this simulation are limited to observe
crystallization of zinceacetate epitaxial layers; however, it is safe to
assume that the precipitated carbon-rich layer initiates the carbon-
rich crystal regions as seen in the TEM images because the tem-
peratures used in cold sintering is too low to dissociate this layer.
Using increased temperatures may trigger the decomposition of
acetate in the system and avoid zinc acetate formation.

4. Conclusions

As the technological and environmental values of the cold sin-
tering process have been highlighted among diverse scientific
communities for various applications, thorough understanding of its
underlying mechanisms is needed to be addressed. Taking ZnO as a
model sintering system, this study focuses on investigating the
morphological and chemical evolution of transient interfaces during
isothermal dwell. Gas physisorption measures that specific surface
area is gradually reduced between 0 and 30 minutes, indicating the
decrease in solid-vapor interfaces due to grain growth. Moreover,
according to the Schlaffer model, the activation energy for specific
surface area reduction was 77 kJ/mol whereas solid-state sintering
was 231 kJ/mol, suggesting the rapid pore closure under the cold
sintering conditions. Infrared spectroscopy finds the formation of
zinc carboxylate complex after mixing the host ZnO powder and
acetic acid solution, and the new bands around 1547 and 1393 cm�1,
were continuously appeared during heating. However, neither
carboxyl nor hydroxyl group was detected after isothermal dwell,
showing an organic residual-free ZnO phase. High-resolution mi-
crographs capture the recrystallization occuring between crystalline
grain and amorphous carbon-rich phase where carbon was segre-
gated at the interface. During the 30minutes of isothermal dwell, the
grain growth was observed while the amorphous phase was
evidently shrunk, reasonably proposing that zinc carboxylate com-
plex may be consumed for the recrystallization on the lattice of a
neighboring grain. ReaxFF molecular dynamics simulation provide
8

in-depth information about chemical activities at the interface,
revealing the formation of zinc acetate complex and the precipitation
of carbon-rich layer on the ZnO surface. Considering the compre-
hensive and coherent experimental validations in conjunction with
the simulations, this study contributes to the deep understanding of
the transient evolution during the cold sintering process.
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