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’ Cool-SPS an opportunity for low temperature sintering of fragile

materials

Thomas Herisson de Beauvoir®®, Anna Sangregorio®®, Ifiaki Cornu®®, Catherine Elissalde®®,

Michael Josse®?¢

Sintering has been achieved by Spark Plasma Sintering at low
temperatures (<400 °C) and relatively high pressures (300 to
600 MPa) for various thermodynamically fragile compounds
(carbonates, sulfate, and phosphate) decomposing between 220
and 780 °C. Our work is a proof of concept of the possibility to sinter
efficiently (> 90 % of theoretical density) fragile materials, and also
highlights the extra stability of several materials, sintered above
their decomposition temperature. Through various examples, the
potential of Cool-SPS for fast and efficient sintering of fragile
materials, which are impossible to sinter by conventional sintering
techniques, is depicted.

Sintering of ceramics represents an important stake for
materials industry. It has been performed for ages, and still is,
to obtain dense materials from powders. Sintering is usually
achieved through high temperature treatment (typically T >
1000 °C), the driving force being surface free energy reduction®
These last decades, a thorough interest has been focused on
reducing the sintering temperature?* which not only allows
energy- and cost-efficient processing, but also gives access to
new physical properties, for example through nanostructured
ceramics*’. Development of new sintering techniques®
followed, among which pressure assisted sintering such as Hot
Pressing (HP)® or Hot Isostatic Pressing (HIP)19, microwave
sintering®!, or field assisted sintering techniques213, Among
these, Spark Plasma Sintering (SPS) is an excellent candidate for
the reduction of both sintering temperature and duration4-16,
while Microwave sintering (MS) has shown interesting results,
with high sintering kinetics!l. At the same time liquid sintering
techniques have been developed!’-19, paving the way to
Hydrothermal Hot Pressing (HHP)2°, which operates at very low
temperatures (< 350 °C)21-24, Very recently, the development of
the Cold Sintering Process (CSP) lead to a high densification level
while operating from room temperature to 200 °C25-28, Despite
these significant developments, some challenges remain, in
particular to densify functional materials. In the present work,
we explore the densification of materials with limited
thermodynamic  stability (due to low temperature
decomposition, phase transition...), that we refer to as “fragile
materials”. To this end, we use SPS at relatively high pressure
(from 300 to 600 MPa) and low temperature (typically below
400 °C), which we will refer to as “Cool-SPS” in the following, to
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obtain highly dense functional ceramics. Four materials have
been selected for their potential (multi)ferroic or
magnetoelectric properties. MnSQ,, displays a complex
magnetic order that could induce a ferroelectric polarization?®
and decomposes in air at 780 °C. K,Cu(CO3), and Na,Cu(CO3);
decompose in air at 270 and 220 °C respectively, the former
being a non-centrosymmetric ferromagnet3° (thus a potential
multiferroic), the latter an antiferromagnet3l. NH;FeP,0;
decomposes in air at 170 °C, and is isostructural to KCrP,05, a
potential magnetoelectric material32. In this communication,
the characterization of the precursor powders will be detailed,
as well as densification conditions, and structural and
microstructural properties of the ceramics. Finally, the potential
of Cool-SPS will be discussed, particularly as a prospection tool
to explore the properties of fragile materials that could not be

obtained in ceramic form otherwise.

Results and discussion

1. Powder characteristics

Powders used for sintering have been characterized by XRD in
order to confirm the presence of the target phases, or their
hydrated precursor in the case of MnSO4 and Na,Cu(COs),, and
the absence of remaining impurities. TGA measurements were
also performed on these powders to determine their
decomposition temperature in air, and their dehydration
temperature when relevant. Figure S1 displays results of both
TGA and XRD on each precursor, and table S2 gathers the cell
parameters refined from XRD data. XRD profile refinement for
the MnSO4-H,0 precursor confirmed its phase purity, with cell
parameters in excellent agreement with literature data3* (table
S2). TGA confirmed the MnSO4-H,O composition of the
precursor and the stability of MnSOs beyond its sintering
temperature of 400°C. XRD profile
Na,Cu(CO3)2-:3H,0 confirmed its phase purity, with refined cell

refinement of

parameters consistent with the literature3¢. TGA measurement
is consistent with 3 H,O molecules per Na,Cu(COs), formula
unit. It should be noted that a complex liquid route is required
to obtain the anhydrous form, as described in previous studies
32,37-39 established by Deville®.
temperature of Na,Cu(COs), under air was determined as
220 °C. XRD pattern refinement for K,Cu(COs), revealed the
absence of any secondary phase, with lattice parameters

and Decomposition

corresponding to those refined on single crystal®l. TGA

measurement on K;Cu(COs3); revealed a decomposition



temperature of 270 °C under air. XRD pattern of NHsFeP,0;
revealed residual Fe;03 that could not be avoided by optimizing
the synthesis Nonetheless, NH4FeP,0;
parameters are in good agreement with the literature®2. TGA

process. lattice
measurement revealed a decomposition temperature of 170 °C
in air. However, this material being synthesized under vacuum
at 210°C (and decomposing at 220°C in such conditions), and
Cool-SPS  being performed the
decomposition temperature of 220 °C was retained.

also under vacuum,

2. Densification

Dwell time is set to 5 minutes for all the samples and the
sintering is performed under primary vacuum (- 10 Pa).
Densification by Spark Plasma Sintering (SYNTEX, Dr. Sinter 515S
apparatus) has been performed with different conditions for
each composition, which are reported, with the corresponding
relative densities of the obtained ceramics, in Table 1. For the
four compositions, dense and cohesive pellets have been
obtained with apparent good mechanical strength, as the
pellets could be manipulated and polished without
disintegrating, as would be the case for crude or poorly sintered
pellets. XRD confirmed phase purity, for all the obtained pellets
(Figure S3), and the lattice parameters obtained from these
refinements (Table S2) are in agreement with those reported in
the literature for all the target compositions. This demonstrates
the good preservation of the materials structure during
sintering when starting from identical powders, and confirms
the successful in situ dehydration of the precursors in the cases
of MnSO; and Na;Cu(COs);, which cell parameters are
consistent with those available in the literature3243. As can be
seen from Table 1, relative densities of 95 % and beyond were
obtained for all materials. This is a remarkable result
considering the densifications were performed at temperatures
ranging between 300 and 400 °C. Microstructures were
investigated by Scanning Electron Microscopy (SEM). Images of
fractured pellets are displayed on Figure 1 for the four
investigated materials. In every case, we observe very dense
microstructures with no visible porosity. These observations are
in good agreement with the measured relative densities and
confirm the high efficiency of Spark Plasma Sintering, even at
temperatures as low as 200 °C (NH4FeP,07, 95 %).

Table 1: Decomposition temperature, sintering conditions and relative densities
obtained for the target compositions. Relative density ranges are respective to the
corresponding sintering temperatures ranges

Decompos. Sintering Sintering Relative
Material temp. (°C) temp. (°C) pressure density
(air) (vac.) (MPa) (%)
MnSO,* 780 400 400 96
K2Cu(COs)2 270 300 to 350 600 94 to 95
Na;Cu(COs)>* 220 250 to 300 600 97 to 98
NH4FeP:07 170 200 to 300 300 95 to 98
220 (vac.)

(*) ceramics obtained by sintering a hydrated precursor

3. Insitu dehydration

For both hydrated precursors, in situ dehydration can be
followed during SPS experiments through chamber pressure
monitoring. When a gas release occurs, the chamber pressure
increases, then decreases at the end of the release, indicating
the corresponding dehydration temperature range. On Figure
S4 is plotted the chamber pressure during Cool-SPS treatment
of MnSO4'H,O0 and NaCu(COs);-:3H,0, which
compared to DTG under air. In the case of MnSO4-H,0 a
temperature shift is observed for the dehydration, from 110°C
(DTG) to 250 °C (Cool-SPS), which may be due to a stabilization
of the hydrated form under pressure.
Na»Cu(CO3),-3H,0,
dehydration at 160 °C, while SPS chamber pressure shows an

is further

In the case of

DTG measurement shows a total
important water release from 70 to 130 °C. Thus, dehydration
appears to be shifted towards lower temperatures by the
application of a pressure of 600 MPa. It is also worth
mentioning the absence of gas release corresponding to
decomposition up to 300 °C, although such a decomposition is
observed above 220 °C in air. Remarkably, Na,Cu(COs), was
obtained in situ during Cool-SPS processing, while attempts to
prepare it conventionally (heating in a furnace between

dehydration and decomposition temperature) failed.
4. Increased stability in Cool-SPS conditions

Regarding the sintering temperatures presented in Table 1,
another striking feature is that they are located beyond the
decomposition temperatures under air (and also under vacuum
for NH4FeP,07) for three of the four investigated materials.
Figure 2 summarizes sintering and decomposition temperatures
for the various tested materials, along with the relative
densities of the elaborated ceramics. On the one hand, it can be
seen that K,Cu(COs3); has been sintered 80 °C beyond its
decomposition temperature in air. NHsFeP;O; has been
sintered at temperatures ranging from 200 to 300 °C, but has a
decomposition temperature of 220 °C under vacuum, and of
170 °C in air. Finally, Na;Cu(COs); has been sintered from its
hydrated form NayCu(COs3);-:3H,0 up to 80°C beyond its
decomposition temperature of 220 °C in air. Thus, there is a
stabilization of these phases in Cool-SPS conditions, which
increases its potential. On the other hand, the sintering of
MnSO, did not require to approach its decomposition, as an
efficient sintering was obtained at 400°C, i.e. 380°C below its
decomposition temperature.



Figure 1: SEM images obtained on fractured pellets for (a) MnSO,, (b) K,Cu(COs),, (c) Na,Cu(CO3s), and (d) NH,FeP,05

5. Cool-SPS: extending the field of ceramic science

The results presented in this communication highlight the
efficiency of Cool-SPS, and its contribution to widening the
opportunities associated with efficient sintering at low
temperature. To begin with, Cool-SPS is demonstrated as a
powerful technique to quickly densify fragile materials at
temperatures below 400 °C, and even as low as 200 °C.
Moreover, Cool-SPS also allowed for the stabilization of three of
the four investigated materials beyond their decomposition
temperatures, further extending the range of experimental
conditions and raising the chances of success of the sintering.
This opens a large window for prospection since Cool-SPS can
be used to obtain dense ceramics from powders with limited
thermodynamical stability. Thus, it becomes possible to explore
bulk properties of such materials (electric and dielectric
properties in the present approach, but possibly many others),
and to develop prospective research doing so. Furthermore, the
specific case of Na;Cu(COs),, in situ
dehydration, is a proof that Cool-SPS can be used to isolate a

obtained through

specific phase that may not be obtained through conventional
routes, or even to synthesize new materials. Finally, if in the
case of MnSO4 sintering is performed below the decomposition
temperature (400 °C vs 780 °C, resp.), this example shows that
an effective sintering can be obtained at very low temperature,
and raise the question whether the SPS processing temperature
of more traditional functional materials (oxides for example)
can be further lowered. Let’s also remind that all the sintered
pellets were obtained after a 5 minutes dwell and a sintering
treatment lasting around 30 minutes overall.
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Figure 2: Decomposition temperatures, Cool-SPS conditions (temperature and
pressures) and relative densities of obtained ceramics for all the fragile materials.
Arrows represent the gain in stability in Cool-SPS conditions and grey zone
represents the stability domain of precursors.

Conclusions

Cool-SPS, relying on high pressure (300 to 600 MPa) and low
temperature (< 400 °C) has allowed:

1) The preparation of phase pure and dense ceramics (95 %-
98 %) of thermodynamically fragile materials

ii) The sintering of fragile materials above their decomposition
temperature increasing significantly the thermodynamic
window for densification

iii) The in situ preparation of fragile materials, from hydrated
precursors

iv) The in situ preparation of a fragile material that cannot be

obtained quantitatively by other means



v) The rapid and efficient sintering of materials below 400°C,
making Cool-SPS a promising cost- and energy effective
densification method with limited environmental footprint.

Indeed, combining very low temperature, extremely short
sintering time and phase stabilization beyond the usual stability
range not only offers wide possibilities both for prospective
search of new functional materials, but also allows for the

development of energy-efficient elaboration routes for
functional ceramics, possibly reducing the associated
environmental footprint. Thus, Cool-SPS is a promising

technique that opens wide territories for exploration, be it
fragile ceramics, low temperature densification or non-
conventional synthesis of new materials, and that deserves to
be further developed.

The present communication provides a proof of concept of
Cool-SPS as a fast, potentially cost-effective, energy-effective
and environmentally friendly technique, that can easily be
scaled up. Cool-SPS open new opportunities in terms of ceramic
preparation, composition and properties, allowing for further
development of exploratory research on low-temperature
sintering mechanisms, as well as prospection for new fragile
functional materials.
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