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The Master Sintering Curve (MSC) model is traditionally used to describe the densification kinetics of a specific
material and allows to determine the activation energy of the dominant mechanism. In this study, this approach
is applied to the Cold Sintering Process (CSP) of ZnO with the addition of acetic acid. The result was compared
with SPS sintered samples from the same dry powder. The apparent activation energy of the ZnO powder sintered
by CSP with acetic acid is 4 times lower than the same dry powder (338 kJ/mol versus 83 kJ/mol). This low
value confirms the low energy surface interactions between liquid and solid phases involved in mechanisms of

ZnO. MSC model applied to CSP presents different interests to detect similarities or differences in sintering
mechanism with different liquid phases. It allows to determine the densification trajectory of the material, then
to select the optimum processing parameters to control its microstructure.

1. Introduction

Sintering ceramics at low temperature has been an important
objective pursued for decades. The development of techniques such as
Hydrothermal Hot Pressing [1-3], Hydrothermal Sintering [4,5] but
also Spark Plasma Sintering at low temperatures [6-8] have changed the
way we considered sintering mechanisms and the possibilities offered in
terms of material’s processing. Among these techniques, the Cold Sin-
tering Process (CSP) has proved incredible efficiency over a wide range
of materials, including ceramics, polymers, and metals [9-12], but also
new composite systems [13-15]. It has attracted a lot of attention due to
the simplicity of the experimental setup and the interesting opportu-
nities offered by the sintering mechanisms.

Despite this high efficiency, there are some limitations to the sin-
tering capacities, mainly related to the dissolution-precipitation mech-
anisms that may lead to incongruent dissolution [16] and force the
precipitation of undesired phase. Among these, the mechanisms are still
under debate and appear more complex than initially postulated [17].
The development of fundamental understanding in the field of sintering
mechanisms, including the solid/liquid interactions (complexation,
cristalization, dissolution, transport, precipitation) can help controlling
sintering. This could allow the densification in Cold Sintering of some
refractory materials for instance, that often require a post annealing
high temperature treatments [18,19]. Therefore, it can help the
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development on single step Cold Sintering Process. However, after fac-
ing difficulties in finding solutions to avoid such treatments, it has
recently been demonstrated the possibility to overcome the Cold Sin-
tering issues by changing the sintering parameters and use ionic liquids
instead of water based liquids for instance Refs. [20-22]. These exam-
ples demonstrated the necessity to master the sintering mechanisms to
obtain targeted materials and microstructures to tailor the properties.

A major challenge in the case of CSP relates to the characterization
and determination of sintering mechanisms. Different techniques were
adapted to obtain in situ information about the materials facing sinter-
ing. In situ SAXS measurements [23,24] and impedance analyses [25,26]
allowed to investigate the evolution of porosities and grain boundaries
during and after Cold Sintering experiments. This type of characteriza-
tion work is detrimental for further development of the CSP and helps to
identify the underlying mechanisms.

Apart from that, a modeling approach can be greatly beneficial for
both the understanding and the predictability of the sintering process.
Examples of molecular dynamics simulations have shed light on inter-
esting chemical reactions occurring at the solid-liquid interfaces
[27-29]. Other modeling methods can provide information about the
kinetics of both sintering and grain growth. As an example, anisothermal
modeling application to CSP has brought information about the kinetic
analysis of ZnO sintering [30]. This allows the determination of acti-
vation energy of sintering under various sintering conditions both in
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terms of chemistry (liquid phase content, concentration, or nature,
powder surface chemistry and crystallinity) or physical parameters
(applied pressure, green body density or temperature).

Among the kinetic analysis models, the Master Sintering Curve
(MSQC), is an easy to use, rapid and versatile technique that can be
applied to different sintering techniques, on the basis of dilatometric
data. The method, first introduced by Su & Jonhson [31], allows to
obtain activation energy of sintering, and was yet never applied to Cold
Sintering. It could bring interesting information about the sintering ki-
netics, allow to quantify the influence of materials and processing pa-
rameters on the sintering activation energies. In the present work, the
model is applied to the sintering in SPS apparatus of ZnO in the presence
of acetic acid and dry ZnO for the sake of comparison.

2. Experimental

The starting powder used in this work is a ZnO powder commercially
available from Alfa Aesar, NanoArc (>99 %) with a particle size in the
range 40-100 nm. A 1 M acetic acid solution in distilled water was
prepared from Sigma Aldrich glacial acetic acid (>99 %). For the sin-
tering experiments, 1 g of ZnO powder was mixed with 0.3 mL of 1 M
acetic acid solution and manually mixed in a mortar. After 5 min of
manual mixing, the powder was placed in a 8 mm diameter WC-Co die.
To prevent direct contact between the die and the powder, a 0.2 mm
graphite foil (PERMAFOIL®Toyo Tanso) was placed between the pow-
der and each punch, but also vertically between the inner wall of the
mold and the powder.

Sintering experiments were performed in a Spark Plasma Sintering
(SPS) apparatus (FUJI 632Lx from Fuji Electronic Industrial CO., Japan)
using pulsed DC sources, located at the Plateforme Nationale CNRS de
Frittage Flash at the University of Toulouse. Temperature was monitored
using a K type thermocouple placed in a hole halfway up the external
surface of the die. Typical CSP setup does not allow the application of
high temperature ramps (>20-30 °C/min) and therefore the use of SPS
was chosen to overcome this technical limitation. Therefore, the use of
the term CSP-SPS will be used to clarify this point throughout the
manuscript. Pressure application is controlled by the SPS equipment,
along with dilatometric measurements that is performed during the
whole sintering experiment. The sample was first put under a mechan-
ical pressure of 100 MPa in vacuum atmosphere (=10 Pa) or in air at
room temperature and left to stabilize the pressure related displacement
for 1 min at room temperature and reach the green density (po). Then,
temperature ramp (20 °C/min, 50 °C/min and 100 °C/min) was applied
to reach the maximum temperature at 300 °C.

Classical SPS experiments were processed in the same conditions
than for the CSP-SPS on dry ZnO powder and the maximum dwell
temperature reached 600 °C. A blank measurement was made on the
whole setup after sintering to remove contribution from the thermal
expansion of the column (sample + punches + spacers). This blank
analysis allowed the correction of the dilatometric data to only consider
the shrinkage of the powder compact. Density measurements were
further made on sintered specimens by geometrical shape measurements
and weighting. The obtained data were compared to the theoretical ZnO
density of 5.606 g/cm?® to determine the relative density.

3. Results

CSP usually relies on the application of a low temperature (<400 °C)
on a sample placed in a die submitted to a significant uniaxial me-
chanical pressure (0.1-1 GPa). The die heating is achieved by placing a
heater jacket around the die (Fig. 1). This setup usually limits the
heating rates to values < 30 °C/min. However, Dargatz et al. [32]
demonstrated the heating rate in the range 10-200 °C/min may have a
strong influence on ZnO densification in the presence of water. To
perform CSP experiments under such high heating rates (up to
100 °C/min), they used a SPS device allowing Joule heating from
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Fig. 1. Schematic view of the Cold Sintering Process and Spark Plasma Sin-
tering setups. Red coloration represents the temperature gradients in the die
and punches.

electrical current to heat the sample. This setup may present differences
in temperature gradients compared to conventional CSP. This way, the
temperature gradient is reversed and the maximum temperature must be
found near the sample. Although this may not represent a problem in
terms of sintering mechanisms, this must be taken in consideration when
assessing the results differences between the two setups, leading to a
slight temperature shift. Considering the current flow, our previous
studies about the in operando impedance characterizations of the same
powder/liquid preparation lead to the observation of resistivity in the
range of 102 Q cm [25,26], which must force the current flow through
the conductive WC-Co die instead of going through the sample. There-
fore, the effect of current flow through the sample may be neglected in
the case of CSP-SPS of ZnO with acetic acid.

Fig. 2a shows the evolution of the relative density as a function of
temperature for the different heating ramps. The higher the heating rate,
the more the densification of the material is shifted towards higher
temperatures. This phenomenon can be explained by the different
thermal history of the material as a function of the temperature ramp
which is translated by the sintering work e described by equation (1)
[33] reported below.

_ [ —Q
Gf/ofexp<ﬁ>dt @

where 6, the work of sintering, is expressed as a function of temperature
T, time t and the activation energy Q. R is the gas constant. Fig. 2 b
corresponds to the pressure into the SPS chamber during the sintering
and can be correlated with degassing of the liquid phase. When the
degassing is very significant we have a displacement, which is not
associated with densification but with the elimination of the liquid
phase, we therefore see for each curve in Fig. 2 a that there is a break in
slope around 130 °C which is associated with the elimination of part of
the liquid phase. Fig. 2 c represents the evolution of the relative density
as a function of In(0). One can observed that the three curves nearly
superimposed in the whole In(0) range explored, which indicates that a
single sintering mechanism operates in such conditions, whose apparent
activation energy was determined to be 83 kJ/mol with the Mean Re-
siduals curve [34] as shown in Fig. 2 d. These residuals were obtained
from values between 70 % and 93 % relative density.

In order to make a comparison with CSP-SPS experiments, a MSC
analysis was performed on dry ZnO powder sintered by SPS at 600 °C
using the same thermal ramps (20,50 and100 °C/min). Fig. 3 shows the
densification curves with temperature and the calculated MSC values
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Fig. 2. a) Densification curves plotted at different heating rates, b) Pressure in the SPS chamber at different heating rate c) Relative density vs. In 0 for Qusc = 83 kJ/
mol determined between 70 % and 93 % of relative density and d) Mean residuals calculated for various apparent activation energies.

using 0 values from 80 % to 92 % of relative density. In presence of
acetic acid solution, we almost reach a densification plateau around
200 °C by CSP-SPS while by conventional SPS on the same powder
without liquid phase, the plateau is reached at 480 °C. In the latter case,
the Mean Residuals method gives an apparent activation energy of 338
kJ/mol, which is more than 4 times the apparent activation energy
determined in the case of the wetted powder with the acetic acid solu-
tion densified by CSP-SPS. The densification mechanisms are different;
from chemically-driven low temperature CSP-SPS to thermally activated
solid state diffusion in SPS.

One of the advantages of the MSC analysis relies on its ability to
predict the shrinkage behavior of a material at any given temperature
ramp. To model this shrinkage, sintering work (0) must be related to the
relative density over time (p(t)) using ¥ and ¢ parameters defined by
equations 2 and 3 [33,35], respectively.

v _P=Po_ 1
1—p, 1+ exp { B zn(a)fm(e,ﬂ,)}

(2)

n

otte_ (2] ®

1=p \by

Where py is the initial relative density of the powder compact or green
body, p its relative density during sintering, In(6,ef) corresponds to the
sintering process halfway through densification and n is a power law
exponent correlated with the sintering mechanism. To determine n
value, Blaine et al. [33,35] proposed a linearization method for the MSC
according to equation (4).

In(@) =1 (1n(0) ~ (0, @

The plot of Ln(¢) = f(Ln(6)) using equation (4) is presented in Fig. 4
a. The slope gives n value equal to 2.2 for CSP of ZnO powder with acetic
acid solution. Using this value of n and Q = 83 kJ/mol, it is possible to
plot the densification parameter ¥ as a function of Ln(6), independenttly
of the temperature ramp. Fig. 4 b shows that the model is valid for all the
sintering curves obtained for heating rates ranging from 20 to 100 °C/
min. With this model, it is thus possible to predict the relative density of
the material during the whole sintering cycle.

4. Discussion

We demonstrated that MSC analysis is valid for the determination of
CSP-SPS kinetics of ZnO with acetic acid. ZnO is used as a model ma-
terial, since it has a great ability to sinter at low temperature in various
solvents such as pure water, acetic acid, formic acid or citric acid [9,32,
36]. The fact that all the data can be fitted with a single master sintering
curve for the whole temperature ramps explored is a confirmation that
the sintering mechanism involved in the sintering of ZnO wetted with a
1 M acetic acid solution is not affected by the temperature ramp. This
has to be put in comparison with the work from Dargatz et al. [32]
showing the influence of heating rate by activation of low temperature
sintering mechanism on hydrated ZnO sintered by SPS at heating rates
>50 K/min. They have highlighted an activation energy of 130 kJ/mol,
attributed to a better thermal diffusion and temperature homogeneity
compared with a dry powder. This value is slightly higher than 83
kJ/mol found in our experiments using acetic acid solution. This con-
firms the role played by acetic acid solution, serving as a sintering
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Fig. 4. a) Linearization of the parameter ¢ to determine a and n and b) ¥ = f(Ln(e)) of fitted model and experimental curves.

accelerator for ZnO as compared to pure water. However, these values
must be considered with caution since the MSC activation energy de-
pends on the whole processing parameters, including powder gran-
ulometry/morphology. The activation energy would probably be
slightly affected by using a different powder.

To tackle this issue, experiments were also performed using the same
ZnO powder, without any liquid phase during sintering. These conven-
tional SPS experiments allowed a direct comparison of the MSC apparent
activation energy results, showing a shift from 83 to 338 kJ/mol. This
indicates that SPS processed samples, in dry conditions, are much more
affected by the heating rates than the CSP-SPS samples. This also con-
firms a huge difference in the mechanisms involved during sintering in
such different conditions. As it could be expected, the apparent activa-
tion energies from the lowest to largest value correspond to Q (CSP-SPS

acetic acid) < Q (SPS hydrated) < Q (SPS dry), showing the effect of
liquid phase effects during sintering. These data are also consistent with
the observations made by Bang et al. [30] when using anisothermal
kinetic analysis models to determine sintering activation energies of
ZnO sintered by CSP in the presence of pure water and various acetic
acid concentrations. They found an activation energy of 68 + 9 kJ/mol
at a heating ramp of 15 °C/min, for an acetic acid solution of 2 mol/L,
using the Woolfrey-Bannister method. Such low energies can be related
to the chemically-driven solution-precipitation sintering mechanisms
involved in the CSP.

These kinetic studies, especially applied to CSP, present 3 main
interests.
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- The possibility to detect similarities or differences in sintering
mechanisms (activation or inhibition) by the use of kinetic analysis;
the work of Dargatz et al. [32] is a great example of high thermal
ramp effect on the activation of sintering mechanism of ZnO in the
presence of water.

The possibility to determine densification curves for any conditions
of time and temperature, leading to the possibility to obtain desired
microstructures.

The capacity to quantify, using n and Q values, the effect of pro-
cessing parameters on the kinetics of sintering.

This way, this work highlights the possibility to evaluate the role of
the numerous processing parameters on the sintering kinetics. This is
particularly important in the case of CSP-SPS and more generally for
CSP, involving more parameters than the other sintering processes, due
to the presence of a liquid phase (nature of liquid, quantity, concen-
tration, elimination temperatures, ...).

5. Conclusions

This work focuses on the MSC model applied to the sintering of ZnO
by CSP with acetic acid. This highlights the fact that MSC can be applied
in the case of CSP, and allows the determination of apparent activation
energy and n exponent, related to the governing sintering mechanism.
The apparent activation energy determined for a dry powder in SPS
sintering is around 340 kJ/mol. Dargatz et al. [32] have evidenced a
change of sintering mechanism associated with a lower activation en-
ergy of 130 kJ/mol for the CSP-SPS of ZnO with the addition of water. If
1 M acetic acid solution is used, the apparent activation energy de-
creases to 83 kJ/mol. It is shown that the use of a different liquid phase
makes it possible to modify the apparent activation energy of the
densification mechanism involved during sintering. Using acetic acid in
which ZnO is the most soluble seems to have a strong influence on the
apparent activation energy of the sintering mechanism involved. This
work paves the way to more predictive studies of CSP of various mate-
rials, and the analysis of the relative influence of various sintering
parameters.
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