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Application of Electric Current-Assisted Sintering
Techniques for the Processing of Advanced Materials
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and Olivier Guillon

Highly efficient energy conversion and storage technologies such as high-
temperature solid oxide fuel and electrolysis cells, all-solid-state batteries, gas
separation membranes, and thermal barrier coatings for advanced turbine sys-
tems depend on advanced materials. In all cases, processing of ceramics and
metals starting from powders plays a key role and is often a challenging task.
Depending on their composition, such powder materials often require high
sintering temperatures and show an inherent risk of abnormal grain growth,
evaporation, chemical reaction, or decomposition, especially in the case of long
dwelling times. Electric current-assisted sintering (ECAS) techniques are prom-
ising to overcome these restrictions, but a lot of fundamental and practical
challenges must be solved properly to take full advantage of these techniques.
A broad and long-term expertise in the field of ECAS techniques and compre-
hensive facilities including conventional field-assisted sintering technology/spark
plasma sintering (FAST/SPS), hybrid FAST/SPS (with additional heater), sinter
forging, and flash sintering (FS) devices are available at the Institute of Energy
and Climate Research: Materials Synthesis and Processing (IEK-1). Herein, main
advantages and challenges of these techniques are discussed and the concept to

1. Introduction

Electric and magnetic fields provide an
additional degree of freedom to synthe-
size, process, and tune the microstructure
of inorganic materials."”! Electric current-
assisted sintering (ECAS) techniques are
highly promising for the processing of
advanced materials due to significant
enhancement and acceleration of sinter-
ing kinetics compared with conventional
sintering technologies.>™”! Starting from
first patents more than 100 years ago,
today more than 50 different principles
of ECAS techniques are described in pat-
ents and literature.®’! In general, short-
term sintering with high heating rates
and low dwell times can be achieved by
1) indirect heating of nonconductive pow-
ders in a conductive tool, which is heated
by the Joule effect and conducts the
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heat to the powder; 2) indirect heating of
nonconductive powders by induction or
thermal radiation up to an onset tempera-
ture, where current starts to flow through
the sample and therefore direct heating becomes possible;
3) direct heating of conductive powders by the Joule effect
directly dissipating energy within the sample; and 4) ultrafast
direct heating of conductive powders by sudden release of energy
stored in a capacitor via the sample. Electrical conductivity of
the powder and tool material mainly decides if sample is
heated directly or indirectly. Metals, alloys, and specific ceramic
materials like TiC, TiN, Ti(C,N), MAX-phases (M = transition
metal, A=A group element, and X=C or N), WC, TiB,,
and ZrB, as ultrahigh temperature ceramics (UHTCs) can be
directly heated in field-assisted sintering technology/spark
plasma sintering (FAST/SPS) modus as their electrical conduc-
tivities are orders of magnitude higher than electrical conducti-
vity of graphite, usually applied as tool material. Visa versa, most
oxides (Al,O3, ZrO,, YSZ, MgO, CeO,, gadolinium-doped ceria
[GDC], etc.) and other ceramics like BN, Si3Ny, SiC, and B,C are
indirectly heated due to their low electrical conductivity. The effi-
ciency of ECAS techniques can be further increased by applying
uniaxial pressure, which additionally supports the sintering
kinetics, therefore enabling to lower the sintering temperature
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and time. ECAS techniques offer several advantages, which are
difficult to achieve with established sintering techniques. In the
case of materials, where the activation energy of sintering is
higher than the activation energy of grain growth, high heating
rates (usually in the range of 10°~10° Kmin ') can be advanta-
geously used to reliably limit or even inhibit grain growth
and therefore maintain fine-grained microstructures. Therefore,
tailoring of microstructures down to the nanometer scale
becomes possible. Furthermore, chemical reactions, decompo-
sition, or evaporation of thermodynamically less-stable materi-
als can be significantly reduced or completely avoided. ECAS
techniques are often the preferred method to produce dense
parts from materials which are difficult to sinter with conven-
tional methods. Examples are refractory materials like borides,
nitrides, and carbides, complex alloyed materials like com-
pounds for electrochemical devices, or composite materials
combining phases with large difference of properties like
diamond-reinforced tool steels.®) Finally, ECAS techniques
promise reduction of overall energy consumption, especially if
effective heat transfer and short cycle times are combined.
Challenges of ECAS technologies are limitations regarding net
shaping of complex geometries, choice of the right tool material,
and suitable interface design. Three specific ECAS technologies
are shortly introduced in the following paragraphs due to their
relevance to this work.

1.1. Field-Assisted Sintering Technology/Spark Plasma Sintering

FAST/SPS devices consist of a conductive tool, which is placed
between two water-cooled metallic electrodes.”'” The setup
is placed in a water-cooled chamber, which enables operation
of the device in vacuum or protective atmosphere (e.g., Ar,
Ar/H,, N,). For heating, moderate voltages below 10 V and high
currents up to several 1000 A are applied to the tool via the
electrodes. Usually, FAST/SPS devices are operated with direct
current (DC). Optionally, current can be pulsed with pulse
durations ranging from milliseconds to seconds. Based on power
source and sample geometry, heating rates up to 1000 K min™"
become possible. High heating rates are the basis for clearly
reducing cycle time compared with conventional sintering. To
keep the contact resistance at the tool-powder interface low,
a conductive interlayer (e.g., graphite foil) is usually introduced,
which also avoids sticking of the material on the tool walls.
In standard configuration, water cooling of electrodes enables
cooling rates up to 150 Kmin™!, but the maximum rate is
strongly influenced by tool design and optional application of
thermal insulation covering the die wall (e.g., graphite felt). Such
insulation can be advantageous with respect to decreasing
heat loss by thermal radiation, therefore reducing thermal gra-
dients, thermally induced stresses, and energy consumption.[“]
If aiming on cooling rates higher than 150 Kmin ", the device
must be equipped with active cooling, e.g., by controlled gas flow.
A hydraulic system enables applying a controlled pressure during
the sintering cycle, which is mainly affected by the tool material,
the construction of the device, and the diameter of the pressing
tool. If graphite is used as the tool material, pressures in the
range of 50-100 MPa are usually applied. Special qualities of
graphite enable pressures up to 230 MPa.'?! If graphite tools
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are used, maximum temperatures up to 2400 °C are possible.
Alternative tool materials enable significantly higher pressures
up to the GPa range, but then restrictions regarding the maxi-
mum temperature come into play, which will be discussed in
more detail later. Exact measurement of the sample temperature
is a challenging task in FAST/SPS setups. Uncertainty of temper-
ature measurement can lead to conflicting results. Usually, tem-
perature measurement is carried out either by thermocouple(s)
or pyrometer(s). In both cases, temperature of the punch or the
die wall is measured at distinct positions. To reduce the distance
to the sample, normally holes are drilled at these positions.
At temperatures below 1100 °C, a K-type thermocouple can be
applied. To overcome uncertainties of temperature measure-
ment, predictive methods like finite element modeling (FEM)
of temperature distribution are frequently used for optimiza-
tion of FAST/SPS tool design and sintering parameters.™’!
Densification of powders in FAST/SPS devices is characterized
by a superposition of mechanical, thermal, and current effects. In
addition to Joule heating, Peltier effect and electrochemical reac-
tions at the tool-sample interface might influence densification
and grain growth. In the case of conductive samples, thermal
and current effects cannot be ambiguously separated. A more
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detailed summary of densification mechanisms in FAST/SPS
device can be found in the literature.®'*' As interesting
alternative, hybrid FAST/SPS, was introduced recently, which
combines FAST/SPS with other heating methods like induction
or resistance heating, aiming to further increase heating rates
and thermal homogeneity!"® or the opposite, to create tempera-
ture gradients on purpose. For high-throughput manufacturing,
industrial hybrid sintering plants with additional preheating and
cooling channels are under development as well.l""!

1.2. Application of FAST/SPS for Synthesis of High-Performing
Materials

As mentioned earlier, the application of electric field and
mechanical load in FAST/SPS devices provides the additional
degree of freedom to synthesize high-performing materials.
The instrumentation of present-day FAST/SPS devices enables
to control field- and pressure-assisted sintering cycles with
high accuracy. Based on this, FAST/SPS became a powerful
tool for target-oriented development of new material systems
with tailored microstructures.l”) Recently, FAST/SPS has been
successfully applied, e.g., for the development of all-solid-state-
battery materials,***”) UHTCs,*®¥ transparent ceramics,!"**
high entropy alloys,*") as well as thermoelectric and magnetic
materials.”?) Another important area of application is manufac-
turing of high-performing lightweight alloys based on AL?*
Mg,**?! or titanium,* e.g., by controlled crystallization of
amorphous starting powders in a FAST/SPS device.””"*®! This
approach is especially attractive for high strength structural®®
and—in the case of titanium alloys—for biomedical
applications.”! From a scientific point of view, the highly accu-
rate control of all process parameters enables to study densifica-
tion mechanisms in the presence of electric fields®*>* and
identify main processing factors required for tuning grain
boundaries,?>?®! texture,*”! porosity,*® and other functional
properties. For a more detailed discussion of the big potential of
FAST/SPS techniques for material synthesis and microstructure
tuning, we refer to excellent textbooks summarizing the current
state of the art.[*®

1.3. Flash Spark Plasma Sintering

Flash spark plasma sintering (FSPS) is a novel operation mode,
which can be conducted in conventional FAST/SPS devices. FSPS
has been demonstrated for the first time by Grasso et al.*”!
and requires specific tool design to enable preheating of the
sample before onset of current flow. Alternatively, induction or
radiation heating as available in hybrid FAST/SPS devices can be
used for this purpose.***? FSPS is characterized by the low
voltage of maximum 10 V and very high heating rates in the range
of 10*-10° K min—".1**! Furthermore, densification is supported
by applying a well-defined mechanical load. Rapid heating is
achieved by a DC current pulse with a defined length enabling
sudden supply of extremely high heating power. To avoid over-
heating and sample melting, operation of the FAST/SPS device
is done by limiting the maximum power during the current pulse.
After achieving the maximum power, the sample is discharged by
holding this power for several seconds and rapidly densifying.
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The estimation of temperature distribution during the flash event
by numerical simulation indicates the occurrence of large temper-
ature gradients up to several 100 °C,[*” which is critical if aiming
to achieve homogeneous microstructures.

FSPS does not have the same flexibility regarding the choice of
materials and adjustment of parameters like FAST/SPS, but it has
the potential to transfer ultrarapid densification concepts
like electrodischarge sintering (EDS)****! and electroresistance
sintering (ERS)** to FAST/SPS devices. While these technologies
are limited to electrically conductive materials, FSPS has been suc-
cessfully applied to nonoxide ceramics like B,C and SiC,?4%47=4!
which were—despite their high melting points—successfully
densified to almost theoretical density within seconds.
Grasso et al. reported the manufacturing of a crack-free SiC
sample with a diameter of 60 mm.*”) FEM simulation of the
sample temperature reveals temperature gradients in the range
of 200-300 °C between the core and the surface and risk of hot
spot formation as the main challenges of FSPS technology.***®!
Vasylkiv et al.’® and Maniére et al.l**! even successfully applied
ESPS for the densification of oxide ceramics (i.e., 3YSZ or Al,053).
Scanning electron microscopy (SEM) investigations revealed that
the initial crystallite size of the starting powder was retained in the
sintered sample.

1.4. Flash Sintering

Flash sintering (FS) is an attractive alternative to the sintering
methods discussed earlier. FS was discovered by Raj and
coworkers®! and has been successfully applied for a large num-
ber of ceramic materials.’? For initiating FS, a current is forced
within a ceramic body by applying an electric field in combina-
tion with external heating. Contrary to FSPS, much higher
electric fields up to several 100 V cm™" are used, whereas current
densities during the flash event remain in the range of a few
Acm™2. When exceeding a specific onset temperature, the
sample becomes sufficiently conductive, and electric current
starts suddenly to pass through the sample. This avalanche-like
effect is accompanied by luminescence and very fast densifica-
tion in few seconds. As the heating power is almost completely
dissipated by the sample, FS is discussed to be a very energy-
efficient and economic process,®>**! and the development of
large-scale FS kiln by the UK company Lucideon was reported
recently.’* Mechanisms of FS are still under debate.
Proposed mechanisms are thermal runaway, internally gener-
ated by Joule heating,”>*® grain boundary overheating with local
melting,”*® extremely high heating rates,"*>*®! modification of
grain boundaries leading to accelerated diffusion,®**" formation
of defects like Frenkel pairs,'*>®* or oxygen vacancies in the case
of oxides. The latter ones are indicated by electrochemical black-
ening.*? Tt has been recently shown that even below the FS
threshold, enhanced sintering stress and lower viscosities are
obtained while maintaining a constant sample temperature,
showing the clear athermal effect of electric field loading.!*”!

1.5. Aim of This Work

ECAS techniques are in multiple use for sample preparation on
a laboratory scale and gained a lot of interest in the scientific
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community within the past decade, aiming at understanding how
electric fields and current flow influence the sintering mecha-
nisms of ceramics and metals. However, only FAST/SPS has
been successfully transferred to industrial production, but it is
still a niche market. Still numerous open fundamental and
practical questions remain, which are rarely discussed in the
literature but must be reliably answered to establish and take full
advantage of ECAS techniques. In this context, the following
challenges are addressed: 1) Developing strategies to sinter
materials which are prone to evaporation, chemical expansion,
and decomposition, especially under reducing conditions usually
being existent in conventional FAST/SPS setups. 2) Taking
advantage of alternative tool materials to increase the maximum
pressure. 3) Developing strategies to sinter high-temperature
and refractory materials. 4) Developing strategies to do net shap-
ing in FAST/SPS devices. 5) Reducing temperature gradients
to a minimum to avoid density gradients and residual stresses,
e.g., by thermal insulation or hybrid heating. 6) Scaling up of
the technology while maintaining homogeneous microstruc-
tures. 7) Reducing the overall energy demand to a minimum.
8) Combining FAST/SPS and FS technologies.

In this work, our strategies to work on these challenges of
ECAS techniques are introduced. Therefore, related experiments
were conducted on specific ceramic and metallic materials belong-
ing to the portfolio of the institute, and examples of application
are discussed with respect to literature. All experiments were
done on a conventional, lab-scale FAST/SPS device (HP-D5,
FCT Systeme GmbH, Germany) and on a unique equipped
hybrid FAST/SPS device (H-HP-D25 SD/FL/MoSi, FCT Systeme
GmbH, Germany), which enables operation in the conventional
FAST/SPS mode, hybrid FAST/SPS mode with an additional
heater, and FSPS mode. Furthermore, the device is uniquely
equipped with a 1000V alternating current (AC) and DC power
sources, which are expected to enable FS of larger-scaled pellets
or plates.

2. Equipment and Methods

In this section, sintering facilities, specific tool materials, and
strategies to predict temperature distribution by FEM are
introduced. Starting materials used for our experiments will
be described in Section 3. For other experimental details like
temperature measurement or material characterization methods,
we refer to the cited literature.

2.1. Sintering Facilities

Three FAST/SPS devices are operated at IEK-1. On a lab scale,
HP-D5 device from FCT Systeme GmbH, Rauenstein, Germany,
enables to sinter samples with a diameter of maximum 30 mm
and a maximum height of 50mm. A power source of 37 kW
enables to achieve maximum temperature of up to 2400 °C at
a maximum voltage of 8 V. Under standard conditions, a pulsed
DC with 25 ms current and 5 ms pause is used. The mechanical
load can be varied between 2 and 50kN. In comparison with
standard machines, the minimum applicable mechanical load
has been reduced significantly to be able to densify green bodies
processed separately.® The device is equipped with a gas-tight
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chamber, which enables gas pressures in the range of
1072-1000 mbar. The system can be operated in moderate
vacuum (x0.5mbar) as well as with protective gases Ar,
Ar/2.9% H,, and N,. Furthermore, technical air can be also used
by the connection of working chamber with a gas bottle or gas
supply system. However, the use of technical air must be
performed with caution because it can react with tool or powder
material at a high temperature. For instance, graphite intensively
starts to burn out in air at 600 °C.

On a larger scale, H-HP-D25 SD/FL/MoSi device also
from FCT Systeme GmbH is constructed as hybrid FAST/SPS
with an additional heater and can be operated in the FS mode
as well. In summary, the device enables four modes of operation:
1) conventional FAST/SPS, 2) hybrid FAST/SPS with an addi-
tional heater, 3) FS with an AC/DC power source and additional
heater, and 4) hot press with radiation heating. The maximum
sample size is 100 x 100 mm” and the maximum sample height
is ~50 mm. The heating power is 60 kW for FAST/SPS heating
at maximum 8V and 80kW for additional hybrid heating,
which can be done by an induction coil or a MoSi, heater. As
a further option, a 1000 V voltage source enables FS of powder
compacts. The power source delivers DC or AC, the latter with a
frequency in the range of 10 Hz-80 kHz. For FS, the samples are
contacted by two Pt electrodes, which are placed between the
punches. In the FS mode, the high-power electrical circuit of
the FAST/SPS mode has to be turned off. The process gas
chamber enables operation in moderate vacuum (/0.5 mbar)
and with Ar, Ar/2.9% H,, N,, and technical air.

For further scaling up of technology, FAST/SPS device DSP 515
from Dr. Fritsch, Fellbach, Germany, enables sample sizes up to
180 x 180 mm” and a maximum height of 2260 mm. The heating
power is 170 kW, and the mechanical load can be varied between
47 and 555 kN. The device is equipped with a process gas chamber,
which enables a vacuum of 20 mbar and an in situ debinding of
organic-containing specimens. Furthermore, Ar, Ar/2.9% H,, N,
atmospheres, and technical air are possible atmospheres.

2.2. Tool Materials

2.2.1. Graphite Tools and Graphite-Based Setup Components

All graphite materials used in this work were delivered by SGL
Carbon GmbH, Germany. For manufacturing of graphite tools,
fine-grained SIGRAFINE R7710 graphite was used. To improve
the contact between punch and sample as well as between punch
and die, SIGRAFEX graphite foil, grade E, was used, which is
available in different thicknesses (e.g., 0.35 mm). To improve
thermal insulation of the die, SIGRATHERM soft graphite felt,
grade GFA 10 with a thickness of 11.5 mm, was applied. Finally,
to reduce the heat loss via the water-cooled electrodes, carbon
fiber-reinforced carbon (CFRC) spacers were conducted from
SIGRABOND Premium CFRC composite. CFRC had almost
the same electrical resistivity like graphite but a significantly
lower thermal conductivity.""! For estimating the current and
temperature distribution, anisotropic properties of the graphite
foil have to be considered. The foil has a higher electrical
resistivity than bulk graphite, which furthermore differs in
vertical (1-10Qmm) and horizontal direction (0.1-3 Q mm).

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Specific graphite tool design used in our experiments is
described in more detail in Section 3.

2.2.2. Steel Tools

Despite graphite being an excellent tool material for high
temperature sintering, its strength is relatively low. As an upper
limit, a compressive strength of 230 MPa is reported in the
literature for an isostatically pressed graphite, which has been
especially developed for FAST/SPS applications.'” High
strength is achieved by a very small grain size (x5 pm).
Nevertheless, such graphite qualities are often too expensive
for industrial application. In general, all grades of graphite are
brittle and prone to mechanical wear. In FAST/SPS practice,
loading of graphite with a maximum pressure of 50 MPa is rec-
ommended for long-term use of tools. This value also considers
the tensile mode of loading for the graphite die.

To broaden the range of applications of FAST/SPS, increase in
pressure can be beneficial to achieve the required density at a
lower temperature. Reduced sintering temperature retards grain
growth, results in fine-grained microstructure, decreases energy
consumption, and in some cases allows to avoid undesirable
reactions and decomposition of sintered materials. To apply
higher pressures, tool materials other than graphite must be
used. In particular, steel tools are attractive alternatives to graph-
ite tools. Of course, application of steel tools is limited to a certain
temperature range. We successfully introduced steel tools made
of hot working steel grade W-360 (Bohler, Germany) for cold sin-
tering of ZnO ceramics, applying pressure of up to 300 MPa and
temperatures in the range between 250 and 400 °C (Section 3.1).
The tool has held out many cycles without any visible damage or
wear. Based on properties reported by Bohler,*® the application
of FAST/SPS tool manufactured from this kind of steel seems to
be reasonable up to 600 °C, but further work is required to prove
this assumption.

2.2.3. TZM Tools

Another option for replacement of graphite as a tool material
is application of molybdenum-based Ti-Zr-Mo (TZM) alloy
(Plansee, Austrial®”). TZM was developed as a material for
high-temperature application in particular for forging tools.
Plansee reports possible application temperatures in the range
of 700-1400 °C. However, the yield strength of TZM is clearly
reduced if application temperature exceeds 1100 °C. Another
concern in high-temperature application of TZM is the risk
of recrystallization accompanied by significant decrease in
strength and ductility. Although recrystallization temperature
of TZM (/1100 °C) is larger than that for pure molybdenum,
a possible local overheating can lead to failure of the tool.
Therefore, we restrict application temperature of our TZM
tools to 1100 °C at a maximum pressure of 350 MPa. At a lower
temperature, the applied pressure can be increased, but
possible creep of material must be carefully considered. In
this work, TZM tools were used for sintering of NASICON
samples at 700 °C and 300 MPa!®® and for LLZ/LiCoO, (LCO)
all-solid-state battery half cells at 675 °C and 440 MPa.[*”! For
more details, see Section 3.2.
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2.3. Modeling of Temperature Distribution

Temperature distribution is an important issue in FAST/SPS
technology and related tool design. During FAST/SPS cycles,
the temperature can be recorded at several points, but only
one measurement is used for control of supplied power.
Moreover, the temperature inside the compacting powder cannot
be measured at all. In contrast, the temperature distribution
can be quite inhomogeneous."*’” A classic misinterpretation
is to define the temperature measured on the thermal noninsu-
lated die wall as the sintering temperature of the sample.
Zavaliangos and coworkers”” showed that these temperatures
can differ up to several hundred degrees in the worst case.
This mistake can lead to underestimation of temperature inside
the sample and incorrect temperature control. Even if tempera-
ture is measured in the vicinity of sample center, e.g., by drilling
a hole in the upper punch of the FAST/SPS tool, this tempera-
ture can by still quite different from the temperature at the
sample edge.""! If temperature gradients exceed a critical value,
inhomogeneity in densification, microstructure, and properties
of the sintered sample results.”"!

To avoid such problems, FEM of temperature distribution
inside both the sample and FAST/SPS tool is required. If done
in an appropriate way, FEM allows: 1) understanding of temper-
ature field in the whole experimental setup, 2) optimization
of tool design aiming to reduce temperature gradients, and
3) evaluation of the required power and estimation of energy
consumption depending on the specific setup construction.
FAST/SPS modeling is usually discussed as a coupled thermo-
electriccmechanical problem. Software possessing-related
capabilities are required for such kind of modeling. Comsol,
Abaqus, and Ansys are the mostly used software for FAST/
SPS simulation. In particular, we use Ansys-based APDL code
for this aim. In addition to this software, a database including
the thermal, electric, and mechanical properties of sintered
material and materials of setup elements is required.
Moreover, all these properties must be available in whole range
from ambient temperature to sintering temperature and as a
function of density. Determination of such data is not a simple
(and therefore time-consuming) task, especially in the case of
new materials, powder composites, and materials with phase
transition or reactively sintered materials. A collection of prop-
erties required for modeling of many materials is available at
IEK-1. It is worth mentioning that the problem can be reduced
to thermal-electric analysis if densification is completed. This
situation is typically achieved at the end stage of sintering dur-
ing dwell time. Then, only thermal and electric properties are
needed for appropriate modeling. Usually, these data can be
much more easily determined compared with mechanical prop-
erties. Therefore, a simplified thermal—electrical analysis is
frequently used for modeling the whole FAST/SPS cycle.

In the work of Laptev et al.,l'') an example of FEM modeling of
FAST/SPS cycles we conducted is given. Here, temperature
distribution inside conductive (steel 316L) and nonconductive
(8YSZ) samples of different sizes was analyzed. Large gradients
were found especially in the case of 8YSZ samples with large
diameters. As one of the main reasons, a nonoptimized setup
design was discussed. Furthermore, the importance of the
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careful thermal insulation for reduction of energy consumption
and improvement of temperature homogeneity is highlighted.
The use of geometry parameterization, link to materials’ data-
base, a built-in virtual PID controller, and an interactive input
mode makes FAST/SPS modeling relatively easy to use and user
friendly.

3. Examples of Application

In this section, a compact overview of current applications of
ECAS technologies at Institute of Energy and Climate Research
is given. As a broad spectrum of research topics is covered,
it is not possible to give all experimental details in this work.
For more details, we refer to the cited literature.

3.1. Low-Temperature FAST/SPS of Oxide Ceramics by
Applying Sintering Aids

Nanostructured polycrystalline materials are of interest for many
applications due to expecting improved mechanical properties,
enhanced wear resistance, and potential to tune functional prop-
erties like thermal or electrical conductivities. High density is
desired for these kinds of applications as porosity usually affects
physical properties. Among others, doping, extremely high pres-
sures, and two-step sintering are methods which enable to retard
grain coarsening if starting from nanosized powders. Another
method to achieve this goal is adapting the idea of cold sintering
to FAST/SPS technology (recently also named as Cool-SPS"%).
As described by several authors,”*”* water-based sintering aids
support of the densification of ceramic materials at very low
sintering temperatures. By the combination of both technologies,
advantages of FAST/SPS and cold sintering are combined,
resulting in almost fully dense compacts with nanoscaled grains.
Advantages of FAST/SPS are the better process control com-
pared with the noninstrumented presses used for cold sintering
currently in use.”” Joule heating and direct heat transfer in a
FAST/SPS tool enable to realize high heating rates, which is
helpful to avoid premature evaporation of the sintering aid.
Furthermore, if suitable tool materials are used high pressures
can be applied, which strongly support the densification process.
The use of water-based sintering aids in a FAST/SPS device may
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have several benefits.”®””) Water reduces die wall friction and
friction between the particles leading to a better initial packing
of the powder particles. Carbonates on the surface of powder par-
ticles, which might hinder the diffusion at the early sintering
stage, are eliminated by being exchanged with water molecules.
Depending on the material, water can trigger a solution—
precipitation mechanism or at least—for smaller quantities of
water—modify the diffusion mechanism. This mechanism can
be further accelerated by enhancing the solubility of the material,
e.g., by adapting the pH value accordingly. Dissociation of water
can cause defect formation in the material, which might enhance
densification by the formation of highly defective diffusion paths
between the grains.

In the past years, we conducted comprehensive studies on
nanosized ZnO."*7%) ZnO with particle sizes below 100nm
was densified to almost theoretical density in our lab-scale
FAST/SPS device HP-D5 at 250 °C by adding up to 3.2 wt% water
to the powder compact. Use of steel tools enabled pressures up to
300 MPa. Figure 1 shows the almost full densification of ZnO
powder at these conditions, as an example. Densification at
250°C proceeds up to a dwell time of 60 min with almost no
grain growth. Due to the very high measured stress exponents
(discarding pure liquid phase or diffusion-controlled densifica-
tion), Gonzalez-Julian et al. proposed dislocation motion or grain
boundary sliding as the possible superposed mechanisms.””! To
highlight the potential of cold sintering, sintering temperatures
up to 900 °C are required to fully densify the same ZnO powders
in a FAST/SPS device without addition of water. Here, oxygen
diffusion along grain boundaries is discussed to be the rate-
limiting mechanism of densification, and it is assumed that
protons are accommodated in the lattice and grain boundaries,
so that OH™ ions become mobile instead of O~ ions.”! Finally,
it should be mentioned that the electric current is expected to play
a negligible role during cold sintering of ZnO in a FAST/SPS
device, as the electrical conductivity of ZnO at 250°C is several
orders lower than the conductivity of the steel tool.

Currently, the concept of cold sintering in a FAST/SPS
device is transferred to materials for electrochemical devices.
Pereira da Silva et al. investigated the potential of cold sintering
for an all-solid-state-battery material. A solid electrolyte material
with NASICON structure (Nas 4Sco4Zr;6Si,POq,) showed an
increased densification behavior at 250°C, which could be

Figure 1. a) Densification of ZnO in a steel tool at 250 °C and 300 MPa by adding 3.2 wt% water to the powder compact. Almost full densification
(99.17%) was achieved after a dwell time of 60 min. b) Maintaining the initial grain size of the starting powder in the cold sintered compact.

Adv. Eng. Mater. 2020, 22, 2000051 2000051 (6 of 14)

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.advancedsciencenews.com
http://www.aem-journal.com

ADVANCED
SCIENCE NEWS

ENGINEERING

www.advancedsciencenews.com

further improved by changing the pH value to strong acidic or
basic conditions.[®® Another improvement in conductivity was
achieved by a subsequent FAST/SPS treatment at 700°C.
Application of a Mo-based TZM tool enabled pressures up to
300 MPa, resulting in a sintering density >95%. Nevertheless,
even at this high density, ionic conductivity of the NASICON
electrolyte remained 1-2 orders of magnitude below the one
of the related samples sintered by conventional FAST/SPS
(1100°C, 50 MPa) to the same density. This result hints on
the fact that the physical properties are more influenced by
the sintering process and the related constitution of the grain
boundaries than by the final density. Further investigations
are required to better understand the evolution of grain bound-
aries in the case of cold-sintered samples and their influence on
the physical properties.

3.2. High-Pressure FAST/SPS of Materials Prone to Evaporation
and Decomposition

The advantage of FAST/SPS to consolidate materials at low
sintering temperatures, sintering with short dwell times, is
especially crucial for energy materials showing a low thermal
stability.®3" In case of one of the most promising oxide-based
solid-state electrolyte Li;La;Zr,0;, doped with Ta (LLZ:Ta), a
sintering temperature well above the thermal stability of most
cathode active materials for Li-ion batteries like Li[Ni;.,,,Co,Mn,]O,
(NMC), Li[Nij.,AL,Mn,]O, (NCA), and Li,NiMn;Og (NMO) is
required and carries out the preparation of composite cathodes
without the usage of sintering additives difficult.®*#2#* The stan-
dard cathode material LCO is compatible with cosintering with
LLZ up to 1085°C but contains the critical element Co and
may form a high resistive interphase.® Other types of cathode
materials massively react between 500 and 700 °C.*" We recently
developed a sintering method that allows to overcome these
limitations. Cosintering of LLZ:Ta and LCO was successfully con-
ducted by applying a high mechanical load (440 MPa) at moderate
temperatures (675 °C) for short holding times in our lab-scale
FAST/SPS HP-D5 device.[*” It is expected that this process is also
applicable to less thermally stable active materials and hence
offers the opportunity of novel material combinations for oxide-
based composite cathodes based on NMC, NCA, and NMO.

www.aem-journal.com

However, FAST/SPS processing can also face new challenges
for battery materials in comparison with conventional sintering:
1) The atmosphere in the process chamber can impact the ther-
mal stability of the materials. 2) The contact between the materi-
als and the graphite foil usually applied to improve the contact
and protect the pressing tools results in reducing conditions,
which might cause decomposition as well. Furthermore, carbon
diffusion at the interface cannot be excluded reliably. 3) Surface
impurities as especially found on LLZ like Li,CO; and LiOH
might be stable at the used sintering temperature.[**#¢57]

Hence, a thorough optimization of the process parameters
is vital to obtain improved properties of the sintered materials.
1) A promising approach to decrease the volatility of Li species,
which further triggers material decomposition, was to switch
the atmosphere from most generally used vacuum to Ar atmo-
sphere.[®” 2) Side reactions, as for example the reaction of carbon
with the LLZ:Ta-LCO mixture, are significantly reduced due to
the short dwell time and low sintering temperature which also
minimizes particle growth. The electrochemical properties of
the powder material will therefore be conserved. 3) Surface
impurities on LLZ:Ta are known to block ion conduction and
are removed in conventional sintering due to high sintering
temperatures.® Hence, the LLZ requires a clean surface which
can be achieved by thermal removal before the FAST/SPS
process.®® In addition, applying high mechanical load up to
440 MPa was a helpful measure to obtain composite cathodes
with more than 92% relative density (Figure 2a).[*”

Electrochemical proof of function of the composite cathode
was achieved by the addition of a LLZ:Ta electrolyte on one side
and subsequently attaching a Li-In anode on the other side,
as described by Tsai et al®*! The composite cathode could be
discharged at an elevated temperature and showed an increased
capacity compared with pure LCO cathodes (pure LCO cathode:
0.05 mA h cm™2, Figure 2b).?!

3.3. Controlled Atmosphere FAST/SPS of Oxide Ceramics Prone
to Chemical Expansion

Sintering of oxides in a FAST/SPS device can be a challenging
task, especially in the case of materials like ceria or titanates, which
tend to easily form oxygen vacancies in contact with graphite tools
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Figure 2. a) Cross-sectional image of composite cathode shows homogenous mixture of LLZ:Ta (bright) and LCO (dark gray) with a high relative density.

b) Discharge curves of composite cathode in all-solid-state battery.
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and low oxygen partial pressure like vacuum, Ar, or Ar/H,.
The altering of stoichiometry is indicated by a color change in
the sample. Furthermore, for these materials, change in lattice
parameter might cause chemical expansion, which leads to internal
stresses in the die, enhancing the risk crack formation during
ejection.

To study this phenomena, GDC was sintered in a conventional
FAST/SPS setup with graphite tools at 1400 °C, 4 min dwell time,
and 50 MPa. A heating and cooling rate of 100 Kmin~' was
applied. Vacuum or Ar-2.9% H, was used as the sintering atmo-
sphere. In both cases, samples turned to a dark black color and
were heavily cracked due to clamping effect and lack of atmo-
sphere control inside the tool. To overcome this restriction,
a pressure-less tool was designed, which enabled indirect heating
of an isostatically pressed GDC sample (50MPa, diameter
20mm). As a specific tool design, a graphite ring was placed
between the punches, forming a cavity in which the sample
was positioned. To avoid direct contact to the graphite, the sample
was placed on an Al,O; plate (thickness 3 mm). To enable gas
transport to the sample, 4 mm holes were drilled through the
graphite die and inserted ring. With this tool, a macroscopic stable
sample could be sintered, but large microcracks were still observed
by SEM. Therefore, an additional reoxidation step at 800 °C—as
described in the literature® for conventional sintering of GDC—
was introduced during the FAST/SPS sintering cycle for the
first time. After sintering at 1400 °C, samples were cooled with
100 Kmin™" to 800°C. Then, the chamber was evacuated for
4min to 0.68 mbar and synthetic air (Ar-20% O,) was fed into
the chamber. After another dwell time of 10 min, the sample
was cooled down to room temperature. During the whole sintering
cycle, oxygen partial pressure was measured by an oxygen sensor
positioned at the gas outlet of the chamber (Figure 3a). Using this
modified setup and processing conditions, cracking of the sample
could be reliably avoided. Nevertheless, the color of the sintered
sample was dark yellow (Figure 3b), still indicating a certain
change in stoichiometry. XRD analysis (not shown here) con-
firmed that all samples maintained the initial cubic crystal struc-
ture. Our results reveal that a controlled atmosphere change is a
possible option for sintering oxide ceramics in FAST/SPS devices,
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but further studies regarding improved tool design are required to
take full advantage of this option.

3.4. High-Temperature FAST/SPS of Refractory Materials and
UHTCs

Sintering of high-temperature materials is quite challenging due
to strong chemical bonds and low self-diffusion coefficients.®!
FAST/SPS is a quite promising method for densification of such
materials due to superposition of pressure and—presupposed suf-
ficient conductivity of the material—direct Joule heating. Current
flow via the particle-particle contacts may destroy passivating
oxide layers by vaporization or local melting. Furthermore,
FAST/SPS is attractive for manufacturing of larger-sized samples
with moderate shape complexities.”” Here, two examples are
given, which demonstrate the potential of FAST/SPS.

FAST/SPS of ZrB,: Gonzalez-Julian et al.®” did a systematic
study to improve sintering of ZrB, by FAST/SPS. ZrB, is a
very promising material for high-temperature applications due
to the extremely high melting temperature (T, = 3246 °C), high
hardness, and chemical inertness. A low electrical resistance
of 10pQ cm and good thermal conductivity ease densification
of this material by FAST/SPS technology. The application of
pressure-assisted sintering technologies like hot pressing is a
standard for processing UHTCs. In the case of hot pressing, full
densification can be achieved either at temperatures above 2000 °C
in combination with moderate pressure in the range of 20-30 MPa
or at a lowered temperature around 1800 °C in combination with
a pressure above 800 MPa. Both attempts are quite challenging
with respect to experimental equipment and tool design.

The focus of the study of Gonzalez-Julian et al. was to investi-
gate the influence of current flow on densification. Therefore,
three experimental setups were used. In setup I, current flow
through the sample was avoided by applying BN discs between
graphite punches and ZrB, powder. Setup II was the standard
setup in FAST/SPS devices using graphite tool and punches.
Graphite foil was applied to avoid chemical interaction between
punch and ZrB, powder. Finally, in setup III, direct contact
between graphite punch and sample enabled maximum current

(b)

PO2 (mbar)

Figure 3. a) Controlled atmosphere change during a FAST/SPS cycle. b) GDC samples sintered in the conventional FAST/SPS setup (density of fragments

94%) and in a modified die with atmosphere change (density 93%).
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flow via the sample. In all cases, FAST/SPS cycles were done
with a heating rate of 100 Kmin™', a sintering temperature of
1850°C, a dwell time of 10 min, and a pressure of 50 MPa.
Up to 1500 °C, densification rates were quite similar in all set-
ups. Without current flow, a significant increase in densification
rate already started at 1500 °C. The samples achieved a density of
5.83 gcm > and a grain size around 20 pm. In the case of current
flow via the sample, onset of densification started and delayed at
1650 °C. With increasing the current, density could be increased
up to 6.0gcm ™ and the amount of secondary phases was
reduced. These effects were accompanied by a grain growth
up to 43 pm, which clearly hints on the influence of current flow
on the sintering mechanisms. The improved sintering behavior
in the case of current flow was explained by elimination/
reduction of oxide layers (B,O3; and ZrO,) on the particle surface,
which is supposed to promote liquid phase sintering.
FAST/SPS of ODS-W-11.4Cr-0.6Y: Due to its high melting
point and high thermal conductivity, tungsten is preferentially
used as a plasma-facing armor material for the first wall of fusion
reactors. Furthermore, tungsten is known for its low sputtering
yield in contact with plasma particles, its low tritium retention,
and its low erosion yield. Nevertheless, the stability of pure tung-
sten is limited in the case of loss-of-coolant accident (LOCA) in
combination with air ingress in the case of leakage of the vacuum
vessel. Related modelling predicts temperature increase up to
1200 °C of tungsten armor due to nuclear decay heat. Elevated
temperatures can last for up to several weeks in the worst case.
In oxidation studies, it has been shown that the formation of
thermodynamically less stable WO; is coupled with strong
sublimation, which can cause release of radioactive tungsten
compounds to the environment. To overcome these restrictions,
the development of so-called smart tungsten alloys was started
recently at Institute of Energy and Climate Research (IEK-4:
Plasma Physics). Up to now, W-11.4wit% Cr-0.6wt% Y was
found to be the most promising alloy composition. Addition
of Cr leads to the formation of a protecting Cr,05 layer in case
of a LOCA. Y supports the formation of this oxide scale by finely
distributed YCrO; precipitations on grain boundaries, which
helps to better control the Cr diffusion rate to the surface.
Best protection is expected if this alloy is applied in bulk form
with submicron grain sizes and YCrOs finely dispersed on grain
boundaries. For proof of concept, elemental W, Cr, and Y
powders were mechanically alloyed in the required ratio. Details
of powder preparation can be found in previous studies.’***
FAST/SPS was found to be the preferred method to produce
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such kinds of microstructures. Full densification can be already
achieved at temperatures significantly below the recrystallization
temperature. Sintering at 1460 °C in combination with high heat-
ing rates of 200 K min " resulted in grain sizes of 0.23 & 0.03 pm
(Figure 4a). Oxidation studies conducted at 1000 °C showed a
clearly improved oxidation resistance in the case of lowered grain
sizes (Figure 4Db).

3.5. Net Shaping in a FAST/SPS Device

One of the technical limitations of FAST/SPS is the shape of the
sintered samples. Typically, cylindrical shapes, with thickness
and diameter in the range of mmcm ', are consolidated.
This is enough for fundamental investigation and optimization
of the microstructure and properties, as well as for some appli-
cations where simple geometries are needed like sputter targets
or brake elements. However, industry typically demands the
production of dense components with more complex shapes.
This is probably one of the main challenges in the FAST/SPS
field to transfer the potential advantages of this technique—short
sintering times, fine microstructure, lower temperature, etc.—to
the market. Some approaches have been already conducted in
this direction, such as the countering of the graphite tools,
the use of multiple and independent punches, or using some
sacrificial materials.**=% Certainly, these approaches are origi-
nal and interesting, but they are relatively difficult to transfer to
an industrial production. Probably, the most interesting
approach with a high potential for large-scale industrial produc-
tion is the use of a powder bed. This method was previously
developed at the Belgian Ceramic Research Center and recently
reported by Hocquet et al.®” and by Maniére et al.’®

We applied a similar approach to densify ceramics with
near net shapes. In this case, we use a MAX phase as reference
material, in particular, Ti,AlC, due to the high potential of this
composition. The green near-net shape—a gear wheel—was
processed by injection molding, and the experimental procedure
is described in previous studies.”” Regarding the powder bed,
carbon powder was used due to high thermal conductivity and
stability as well as low sinterability at the desired temperature.
In this case, no interfacial materials were used between the sam-
ple and the powder bed. Nevertheless, if a reaction is expected, an
interfacial material such as BN or graphite foils might be used.
The gear wheel was placed into the carbon bed (Figure 5a), and
the whole system was located between the punches as in a con-
ventional FAST/SPS procedure. The sintering parameters were a

pure W W-Cr-Y
.23 um grains
10 20 30 40

time [h]

Figure 4. a) Microstructure of W—11.6Cr—0.6Y alloy sintered by FAST/SPS at 1460 °C (50 MPa, heating rate 200 °C min~", dwell time 0 min). b) Oxidation
rates of W-11.6Cr—0.6Y alloy depending on the grain size. Published under Creative Commons CC-BY license in the study by Klein et al.*®!
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Figure 5. a) Scheme of the carbon powder bed in FAST/SPS and b) photograph of the sintered Ti,AIC gear wheel.

heating rate of 100 Kmin~?!, maximal temperature of 1350°C,

dwell time of 20 min, 50 MPa of uniaxial pressure during the
whole thermal treatment, and vacuum atmosphere. The sample
presented a relative density of 98.2% (Figure 5b), whereas only
89.6% was achieved by pressureless sintering at the same maxi-
mal temperature. As mentioned, uniaxial pressure was used
during the thermal treatment, but the sample was sintered in
pseudoisostatic conditions due to its embedding in carbon
powder. The mechanical load is axially transferred to the sample
but also radial forces are expected. The pseudoisostatic contri-
bution has to be certainly investigated in more detail, and
modeling is one of the best approaches for its understanding
and quantification. Furthermore, in addition to the sintering
of complex shapes, carbon bed approach exhibits a high poten-
tial because several samples can be consolidated in just one
thermal cycle.

3.6. Scaling up FAST/SPS Technology for Effective Sintering of
Oxide Ceramics

Further scaling up and industrialization of FAST/SPS technolo-
gies require critical analysis of energy consumption and ideas to
reduce temperature gradients, which is up to now rarely dis-
cussed in literature.l">”%711% A complete energy balance includ-
ing energy consumed by the water-cooling system is usually not
discussed. Therefore, a preliminary investigation of energy con-
sumption and temperature gradients was conducted at IEK-1
within a FAST/SPS setup with a die of 17 mm in diameter.!"]
The tool was mounted in the HP-D5 device. The active power
consumed by HP-D5 device was recorded by an internal data
logger. The temperature distribution within the setup was calcu-
lated by FEM. Both experiments and modeling were conducted
for conductive 316L metallic powder and for nonconductive
8YSZ ceramic powder. It was found that at properly designed
thermal insulation of the die the power required for sintering
can be reduced by a factor of 2. If additionally the graphite spacer
was replaced by a CFRC spacer with a lesser thermal conductiv-
ity, the power consumption was reduced by a factor of 3 for 316L
powder and 5 for 8YSZ powder. Further measurement of power
consumed by the water-cooling aggregate has shown that ~30%
of total energy demand is used by this device. For measurement
of total energy consumption, the external data logger PEL 103
(Chauvin Arnoux, France) was applied. Numerical simulation

Adv. Eng. Mater. 2020, 22, 2000051 2000051 (10 of 14)

has revealed that thermal insulation decreases temperature
gradients. The decrease is especially pronounced for sintering of
nonconductive 8YSZ samples with a large diameter.

This approach was extended to the investigation of energy
demand in the larger H-HP-D25 device. Active power and related
energy consumption during the sintering of Y,03 discs with a
diameter of 100mm were measured in a setup shown in
Figure 6. In addition, the power and energy consumed by the
water-cooling device were recorded. Again, the external data
logger PEL 103 was used.

The reduction in power and energy demands with the appli-
cation of CFRC spacer was noticed during our experiments in the
smaller HP-D5 device. This was explained by the low thermal
conductivity of CFRC material. Therefore, we first assumed that
the application of CFRC plates with a thickness of 10 mm in the
setup developed for sintering in H-HP-D25 SD/FL/MoSi device
should result in a similar effect. To clarify the influence of CFRC
plate’s location on energy demand, sintering with three different
CFRC positions was conducted. These positions are shown in
Table 1. The sintering cycle was the same in all experiments.
This cycle included heating with 25 Kmin™! to a temperature
of 1400°C, following holding at this temperature for 30 min,
and rapid cooling with cooling aggregate in operation. A pressure
of 30 MPa was applied before heating. The pressure was released
at dwell and in all cycles, thermal insulation of external die wall
was applied. Nevertheless, only a relatively slow heating rate of
maximum 25 Kmin~"' was possible in the large setup.

In contrast to our expectation only a moderate influence of
the position of CFRC spacer on heating energy was observed.
Moreover, cooling energy was fully unaffected by the location
of CFRC plates. In contrast, the energy consumed by the cooling
device is ~30% of total energy demand. This number is in good
correlation with our data obtained in similar experiments with
HP-D5.

3.7. From FAST/SPS to FS

A promising alternative to FAST/SPS is FS, which is based on
forcing a current flow through the sample by applying an
enhanced electric field at moderate furnace temperatures, where
rapid densification in less than 5 s can be achieved.”” Due to the
fact that the electric power is almost completely dissipated by the
sample, it is expected to be very energy efficient and economic.
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Figure 6. a) Experimental setup used for sintering of Y,0O3 discs in H-HP-D25 SD/FL/MoSi device. b) Y,03 disc with diameter 100 mm.

Table 1. Energy demand of the H-HP-D 25 SD/FL/MoSi device (heating
energy) and cooling device in the case of sintering Y,O; discs with

diameter 100 mm.

Case of study Setup | Setup Il Setup I
Plates 1 and 2 CFRC Graphite CFRC
Plates 3 and 4 CFRC CFRC Graphite
Heating energy [kWh] 38.48 42.30 42.99
Cooling energy [kWh] 17.71 17.62 17.54
Total Energy [kWh] 56.19 59.62 60.53

The experimental setup shown in Figure 7a enables to conduct
FS cycles in our H-HP-D25 SD/FL/MoSi device. First experi-
ments with 8YSZ powders were done pointing out the main
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challenge of FS, especially if aiming at upscaling the technology.
For conducting the FS cycle, FS parameters from the literature
were considered.""") 8YSZ powder was filled in a 45mm
graphite tool. To force the current through the powder bed,
an electrically isolating BN inlay was inserted in the graphite
die (Figure 7a). Then an electric field of 150Vcem ™' was
applied, and the temperature was raised at 10°C from
250°C to the flash temperature. The onset of flash occurred
at 700 °C. In the given conditions, the flash event resulted in
an only partial densification of the sample due to hot spot
formation (Figure 7b). Hot spot formation means that current
channels through localized paths in the sample, which is often
accompanied by local melting or fracture of the sample. Density
gradients in the powder compact and imperfect electrical
contacts at the abutting faces are discussed as main reasons
of hot spot formation.

(b)

8YSZ compact

Figure 7. a) Experimental setup for FS in Hybrid FAST/SPS device H-HP-D25 SD/FL/MoSi graphite tool with BN inlay, induction heating. b) Hot spot
formation if conducting a flash cycle in isothermal mode (sample diameter 45 mm).
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To overcome the hot spot formation, the following strategy
will be applied in our future works. Recent experiments on
dog bone-shaped GDC samples revealed that FS with a linear
increase in the current at a controlled rate to a maximum
current density is the key for reliably controlling FS.['%27104
In this novel FS mode, the current was controlled from the
beginning of the sintering cycle and increased at a constant rate
and constant furnace temperature until the maximum current
density was achieved. To determine the optimum sintering
parameters for current rate-controlled FS, a sintering map
based on constant heating rate experiments and isothermal
ES experiments will be generated. The sintering map and
related microstructure investigations help to better understand
the relationship between current density and densification of
the sample. In addition to parameters directly related to the
flash event, processing parameters like density of the compact,
external pressure, contact between electrodes and sample, and
the application of thermal insulation will be systematically
varied to identify optimum conditions for reproducible FS.
Finally, energy consumption of FS will be measured to estimate
the potential of FS compared with other sintering technologies
in an objective way.

4. Conclusions and Outlook

The Institute of Energy and Climate Research (IEK-1: Materials
Synthesis and Processing) of Forschungszentrum Jiilich GmbH
offers a unique platform for investigating field-assisted sintering
technologies. For example, one of our devices is equipped with
an additional induction or resistance heater, which enables oper-
ation in the hybrid FAST/SPS mode. Furthermore, a separate
1000V power source even allows to conduct FS cycles, which
is quite rare so far in such devices. Field- and pressure-assisted
sintering technologies are attractive for the densification of
ceramic or metal powders, which are difficult to sinter due to
the low sintering activity or limited stability. Furthermore,
direct heat transfer and—in the case of sufficient conductivity
of the powder—TJoule heating of the sample enable high heating
rates, which are helpful to reduce grain growth. Mesoscale and
macroscopic modeling is required to control this dynamic
process. Sintering parameters such as uniaxial viscosities,
sintering stresses, and viscous Poisson’s ratio are necessary
input parameters. They can be experimentally measured
with our custom-made instrumented sinter forging in electric
field o162

Currently, several challenges exist for taking full advantage of
FAST/SPS and FS technologies. Most of these challenges are
addressed in this article, and an overview of our current activities
is given. Important topics are cold sintering of nanoscaled pow-
ders with water as the additive, high-pressure sintering of battery
materials at moderate temperatures, sintering of oxides which
are prone to chemical expansion, and sintering of refractory
materials. Furthermore, our ongoing work deals with net-shape
manufacturing, scaling up of technology, and first attempts of
FS in a FAST/SPS apparatus. Further, systematic studies will
enable to find solutions to the mentioned challenges. To get
more detailed information on the different work topics, we refer
to the related publications.
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