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Anisothermal densification kinetics of the cold
sintering process below 150 8C†

Sun Hwi Bang, * Arnaud Ndayishimiye and Clive A. Randall

Cold sintering is an emerging non-equilibrium process methodology

that densifies ceramic powders at significantly reduced temperatures.

This study proposes a fundamental framework to investigate its

densification kinetics. By controlling four densification process vari-

ables including the transient chemistry, sintering temperature, uniaxial

pressure and dwell time, the anisothermal sintering kinetics of highly

densified ZnO is identified and phenomenologically modeled for its

relative activation energetics.

Sintering is an important scientific and also industrial proces-
sing technique, under which thermal energy and often external
pressure are used to transform powder into a solid with
enhanced mechanical strength.1 The fundamental driving force
for sintering is the reduction of the excess free energy of the
powder surface by increasing the solid/solid interface and also
coarsening the grain size.2 As ceramic sintering generally
requires high temperatures above 1000 1C, decreasing the
processing temperature is a technological and environmental
challenge. However, one of the immediate advantages of
enabling a low temperature process is to explore new ceramic
composite designs and properties for various functional
material applications.3–5

Among low-temperature and external pressure ceramic
densification methods including spark plasma sintering6 and
hydrothermal sintering,7 the cold sintering process features
material densification in an open system8 at significantly
reduced processing temperatures, which is enabled by the
presence of a transient phase.9 Several technological advan-
tages of cold sintering include (1) preservation of the nano-
crystalline size,10 (2) co-processing of ceramic composites,11

(3) densification of thermodynamically metastable materials,12

(4) fabrication of multilayer electroceramics13 and (5) significant

energy reduction.14 Although its uniaxial pressure requirement
has been occasionally regarded as a methodological limitation,
the recent size scale-up cold sintering process demonstrated its
promising potential in industrial implementation, which can
operate below 50 MPa.15

Despite its scientific and technological importance, the
fundamental understanding of the cold sintering kinetics and
densification mechanisms is still in the very early stages of
investigation. Analogous to conventional sintering kinetics
studies, ZnO is often employed as a model material system for
cold sintering. Its initial sintering potential was first reported in
2015,16 and, recently, a combined computational and experimental
investigation showed that surface hydroxylation accelerates the
dissolved Zn cation adsorption and enhances the diffusion during
cold sintering.17 Using grain size based sintering kinetics analysis,
the apparent activation energy of ZnO grain growth was only 20%
of the value observed in solid state sintering.18 Moreover, the
Kelvin probe force microscopy method showed that the transient
liquid accounts for generating highly defective grain boundaries,
leading to a reduction of the activation energy of the atomic
diffusion.19

The core objectives of understanding sintering kinetics are
to predict the densification behavior under different processing
conditions and to obtain a uniform microstructure at high
density with controlled grain size. In solid state sintering, the
constant heating rate of anisothermal sintering is known to
influence the densification and grain growth behavior, where a
faster heating rate leads to higher densification and finer
microstructure at the same temperature due to an increased
volumetric strain rate.20 Furthermore, a non-linear sintering
temperature has processing advantages for finely regulating the
path of morphological change.21 Hence, the proposed study is
intended to identify the anisothermal densification kinetics of
ZnO cold sintering and to quantify the relevant activation
energy. Advancing sintering kinetics knowledge is a necessary
condition to develop a complete analytical model, which will
certainly accelerate cold sintering composite materials research
and application deployment.
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Experimental methods
Instrumentation

For any cold sintering process, the transient chemistry (m(t)),
sintering temperature (T), uniaxial pressure (P) and dwell time
(t) can be classified as densification process variables (Fig. S1,
ESI†). In order to precisely measure the pellet linear
shrinkage22 and temperature in each time period, we herein
present a new engineering design for collecting the real-time
temperature of the pellet during cold sintering (Fig. S2, ESI†).
Instrumentation, cold sintering process (Fig. S3, ESI†) and
material characterization details are documented in the ESI.†

Mathematical derivation

Among a few reported mathematical models of anisothermal
sintering kinetics,23–26 the Woolfrey–Bannister27 approach was
employed in this study to empirically analyze the activation
energy of cold sintering, which has been widely accepted to
analyze sintering behaviors of ZnO.28–31 The general kinetics
equation for investigating the initial stage of sintering under a
constant heating rate is the following:

d DL=L0ð Þ
dt

¼ K0 exp � Q

RT

� �
L0

L

� ��n

(1)

where DL/L0 is the linear shrinkage, t is the total time, K0 is
either constant or proportional to 1/T depending on the mass
transport mechanism, Q is the apparent activation energy, R is
the ideal gas constant, T is the absolute temperature, and n is
usually associated with a constant determined from a relatable
sintering mechanism. By assuming that the isothermal and
anisothermal shrinkage rates are equal and Q c RT, eqn (1) is
approximated by:32

DL
L0

� � nþ1ð Þ
¼ K0RT

2ðnþ 1Þ
aQ

� �
exp � Q

RT

� �
(2)

where a is a constant heating rate defined as a ¼ dT

dt
. After

further mathematical simplifications, eqn (1) is often used in
the following form:27

T2d DL=L0ð Þ
dt

¼ aQ
nþ 1ð ÞR

� �
DL
L0

� �
(3)

Assuming that Q, n and a are invariant during the anisothermal
sintering, taking the natural logarithm of eqn (2) leads to the
determination of n:

ln
DL
L0

� �
¼� 1

nþ 1ð Þ ln a

þ 1

nþ 1ð Þ ln K0RT
2 nþ 1ð Þ

� �
� lnQ� Q

RT

� � (4)

One of the significant advantages of the proposed anisothermal
kinetics approach is the direct empirical constitutive relation
among linear shrinkage, temperature and time without assuming
the values of exponents based on a single diffusion mechanism.
However, a crucial assumption for the proposed method is that

linear shrinkage is a consequence of material densification, not
liquid evaporation, which is verified to be a negligible volume
fraction during the cold sintering process.

Results
Anisothermal sintering of ZnO

The relative density evolution33 and specific surface area reduction28

during anisothermal ZnO cold sintering resemble the basic shape
form of the higher temperature solid state sintering process
(Fig. 1a). By assuming no powder extrusion and no radial pellet
shrinkage taking place during cold sintering, the relative density can
be directly projected from the linear shrinkage and initial/final
relative densities. As ZnO cold sintering employs acetic acid solution
as a transient phase in an open system, allowing it to mostly
evaporate during the heating ramp, the rapid linear shrinkage
between 3 and 6 minutes may be recognized as the combined
effects of powder densification and liquid evaporation. However,
thermal gravimetric analysis (TGA) of the wet green body showed
that the weight loss was only 3% of the total weight up to 120 1C
(Fig. S4, ESI†), despite the initial 15 wt% of the added transient
phase. Hence, the TGA result indicates that following points:

Fig. 1 Anisothermal sintering of ZnO powder under 350 MPa uniaxial
pressure. (a) Comparisons to ZnO solid state sintering of the relative
density (r)33 and specific surface area (SSA)28 as functions of temperature
and time. (b–e) Microstructure evolution of the fracture surfaces at times
of 3, 5, 7 and 9 minutes.
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(1) excessive transient liquid can be extruded from the wet green
body during the 5 minute pressure stabilization prior to cold
sintering (Fig. S5, ESI†) and (2) liquid evaporation can be considered
as only a minor effect for the linear shrinkage, as the remining
liquid will be likely located in the pore spaces between particles.

Chemistry during the anisothermal sintering

The microstructural evolution verified that the fracture surfaces
became significantly less porous and particles underwent more
coarsening as the cold sintering progressed (Fig. 1b–e), where
the 9 minute sample’s microstructure, density and specific
surface area sufficiently implied that the sintering process is
already in the final stage. Regarding the phase purity through
X-ray diffraction (Fig. S6, ESI†), zinc acetate complexes are a
result of dissolution of zinc oxide powder and acetic acid
solution. At elevated temperature, water begins to evaporate,
the hydrate becomes anhydrous, and the following reactions
may explain different pathways leading to the formation of
phase pure ZnO:34–36

Zn CH3COOð Þ2ðsÞ �����!147�250 �C
ZnOðsÞ þ CH3COOð Þ2OðgÞ (R1)

CH3COOð Þ2Oþ 4O2 ! 4CO2 þ 3H2O (R2)

Zn CH3COOð Þ2ðsÞ þH2O �����!147�250 �C
ZnOþ 2CH3COOH (R3)

Here, (R1) describes the decomposition of zinc acetate into ZnO
and acetic anhydride, which further reacts with oxygen to
produce CO2 and H2O as shown in (R2). (R3) is reported for
the case of a highly humid atmosphere where zinc acetate can
react with water to form ZnO and acetic acid. Both reactions are
reasonable for the given ZnO cold sintering, as its open system
characteristic makes it accessible to oxygen and water. Con-
sidering the pressure solution creep mechanism as a governing
mechanochemical process for cold sintering,37 the dissolution
of ZnO by acetic acid solution may produce zinc acetate
complexes at the compressional grain boundaries,38 which is
consistent with XRD analysis. Once those complexes precipitate
at low stressed pores, they undergo decomposition and produce
ZnO, which mainly contributes to ZnO cold sintering being
phase pure.

Quantifying the sintering activation energy

The linear shrinkage at different heating rates of cold sintering
and solid state sintering30 was plotted (Fig. 2a). The corres-
ponding temperature of the maximum linear shrinkage rate shifts
towards a lower region for both sintering methods, which can be
related to heating rate dependent kinetic processes.39 Especially
for cold sintering, as a slower heating rate can retain the transient
phase longer, allowing a higher degree of solution-assisted
particle rearrangement, more linear shrinkage was measured at
temperatures below 65 1C. Regarding the anisothermal sintering
activation energy estimation, the modified Woolfrey–Bannister
method takes a data-driven approach based on eqn (4) to empiri-
cally determine n and its relevant uncertainty (Fig. S7, ESI†).
It also needs to be noted that the shrinkage behavior can be

roughly classified into three parts based on the shrinkage rate,
and only the middle portion, featuring the maximum shrinkage
rate, was considered in this proposed analysis. Analogous to the
solid state sintering case, steep shrinkage is mainly related to the
densification during cold sintering as the relative density evolves
up to 93%. Therefore, the proposed method focuses on quanti-
fying the activation energy of anisothermal sintering, where
powder densification generally happens. According to eqn (3),
the slope contains the heating rate (a), experimental exponent (n)
and activation energy (Q) (Fig. 2b), and final values are summarized
in Table 1. For cold sintering, Q converges around 49 kJ mol�1,
where the highest heating rate has diverging and higher Q,
which may be related to the reduced degree of the dissolution
process, as the transient phase stays shorter in the system.
In comparison, solid state sintering shows that the slowest
heating rate completely diverges from the other two heating
rates, which are within the uncertainty range. Perhaps such a
low heating rate can provide sufficient thermal energy to drive
grain coarsening through a surface diffusion mechanism in the
low temperature region, also leading to a decrease in the
surface area and thermodynamic driving force for sintering,39

or the specific heating rate may contain a possible experimental

Fig. 2 (a) Linear shrinkage of ZnO cold sintering under 175 MPa and solid
state sintering30 at different heating rates, where the circle shows the
maximum shrinkage rate. (b) Plot based on eqn (3), where the slope
contains the activation energy term. (c) Linear shrinkage dependence on
the concentration of acetic acid.
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artifact as the shrinkage slope evolution is slightly aberrant
compared to the other two rates.

Shrinkage depending on the transient chemistry

Depending on the concentration of acetic acid, the linear
shrinkage can be significantly changed (Fig. 2c), confirming
that compatible transient chemistry is a key factor that enables
any cold sintering process and mainly determines the aniso-
thermal sintering kinetics.

Discussion
Classifying the stages of anisothermal sintering

Considering the slope change of the ZnO cold sintering shrinkage
curves, at least three different dominant processes can be
hypothesized, which include (1) solution-assisted particle rearran-
gement, (2) powder densification by pressure solution creep and
(3) grain growth and pore removal (Fig. S8, ESI†). Such a claim can
be considered as logical, as rearrangement will initially occur with
the presence of uniaxial pressure and a liquid phase in the system,
but eventually stops due to the loss of the liquid and the
formation of coarse grains, making particle sliding less likely to
continue.40

Phenomenological approach to investigate the kinetics

The proposed empirical method presents a fundamental frame-
work to study anisothermal sintering kinetics, purely based
on experimental data by controlling the heating rate. Unlike
the predetermined exponent with a corresponding diffusion
mechanism, a convincing physical interpretation of empirical n
is not yet available. However, the concentration dependent
shrinkage study indicated that n is indeed associated with the
chemical activities of the transient phase. To the best of our
knowledge, once more information on empirical n values of
different materials and process conditions is accumulated,
then it will be possible to find their implication as a charac-
teristic value. Moreover, it needs to be pointed out that the
original Woolfrey–Bannister method does not take external
pressure into account, but using the empirical exponent may
allow one to reflect the convoluted effects of applied pressure
and the resulting chemical activity.

Possible deviation from Arrhenius behavior

One assumption of this work and many conventional sintering
kinetic studies is the temperature dependence of the rate
process. As many diffusional and chemical processes hold to

Boltzmann statistical thermodynamics or Arrhenius controlled
rates,41 with a homologous temperature (T/Tm) even lower than
0.142 and non-equilibrium chemical dynamics,43 there is a
possible deviation from the Arrhenius limit, as also outlined
by Eyring and others.44–46 One of the most well known is the
Vogel–Fulcher–Tammann equation describing the temperature
dependence of glass viscous behavior.47 The importance of
reminding ourselves of such departures is the fact that the
relative magnitudes of the activation energies would change.
Overall, more extensive data across more material systems
is required to consider the nature of the physiochemical
mechanisms for cold sintering.

Conclusion

An empirical approach for investigating anisothermal sintering
kinetics was proposed to analyze the activation energies of
two different sintering methods. This work verified that the
activation energy of ZnO densification is inherently small for
the cold sintering process with the aid of compatible transient
chemistry. The proposed fundamental framework further
contributed to improving the theoretical understanding of the
cold sintering process and provided reliable kinetic data, which
can be potentially used in developing a relevant analytical
sintering model.
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