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Abstract: Spark plasma sintering (SPS) has gained recognition in the last 20 years for its rapid
densification of hard-to-sinter conventional and advanced materials, including metals, ceramics,
polymers, and composites. Herein, we describe the unconventional usages of the SPS technique
developed in the field. The potential of various new modifications in the SPS technique, from
pressureless to the integration of a novel gas quenching system to extrusion, has led to SPS’ evolution
into a completely new manufacturing tool. The SPS technique’s modifications have broadened its
usability from merely a densification tool to the fabrication of complex-shaped components, advanced
functional materials, functionally gradient materials, interconnected materials, and porous filter
materials for real-life applications. The broader application achieved by modification of the SPS
technique can provide an alternative to conventional powder metallurgy methods as a scalable
manufacturing process. The future challenges and opportunities in this emerging research field have
also been identified and presented.

Keywords: spark plasma sintering (SPS); additive manufacturing (AM); extrusion; pressureless SPS;
cold-SPS; joining

1. Introduction

Spark plasma sintering (SPS) is an ultra-fast technique utilizing the electric field and
pressure to consolidate and densify conventional and advanced materials. Although SPS
technology’s fundamental principles were known over 50 years ago, the technology has
gained attention only within the last 20 years. SPS has also been named as pulsed-electric
current sintering, the field-assisted sintering technique, plasma-activated sintering, and
current-activated pressure-assisted densification [1–6].

A variety of novel refractory materials, nanocrystalline materials, and advanced func-
tional materials, including conventional metals, alloys, ceramics, polymers, and their com-
posites, have been fabricated using SPS [7,8]. SPS employs a spark discharge in the voids
between the loosely packed powder particles and consolidates them to near its full densifi-
cation. The spark between the particles activates their surface, removes volatile impurities,
surface oxide contaminations, and effectively self-heats the material. This localized effect
enables the lower sintering temperature and shorter time and often leads to a dense fine-
grained structure with higher strength [9]. Various other mechanisms such as plasma or
micro-discharge of the particles’ surface, Joule heating, electromigration, local melting, and
evaporation have also been reported for the conventional SPS technique. However, there
is still a debate on whether plasma is being generated between the particles or not, with
no specific conclusion drawn. The escalating implication of SPS technology as a tool for
consolidating materials of desired interest is provided by the large number of academic
papers published so far (>10,000; from Web of Science Core Collection). Figure 1a shows a
simplified schematic of the SPS set up with all the components. SPS consists of a mechanical
loading system, current controller, controlled atmosphere apparatus, and cooling system.
The basic mechanisms involved during the SPS process, i.e., Joule’s heating and plasma
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heating, are schematically shown in Figure 1b. Many companies—Sinter Land Inc., Fuji Elec-
tronic Industrial Co. Ltd., Thermal Technology LLC Inc., FCT Systeme GmBH—deal with
SPS machines’ production, nearly half of which being used for industrial applications [10].
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Figure 1. (a) Schematic representation of the spark plasma sintering (SPS) equipment and (b) SPS
mechanism.

In comparison with other sintering techniques, i.e., pressureless sintering (PS), hot
pressing (HP), hot isostatic pressing (HIP), and microwave sintering (MS), characterized
by relatively higher temperature and longer sintering durations, the SPS process is a rapid
technique. This has been attributed to the generation of heat by electrothermal effect and
uniform distribution only within the die-punch system rather than the whole furnace
chamber. However, some areas still need to be explored in the SPS technique. The SPS
process is a combination of stress, thermal, and electric fields. The respective effects on the
sintering mechanisms and densification kinetics of the materials are still not known. The
impact of multi-physical fields and SPS parameters on powders’ microstructure and solids
is complex [11]. Moreover, the literature’s analytical models overlook the contributions from
electromigration, electrowetting, and local electric field intensification. Hence, the effect of
the electric field on densifying conductive metals vs. ionic ceramics is still debatable. The
latest development related to SPS highlights that multiple functions can be integrated into a
single machine, making it suitable for real-life industrial applications. This advancement
includes modifications related to high-current, high-pressure, pressureless, and extrusion
phenomena, leading to unconventional materials’ processing using the SPS technique.

SPS’ commercialization for manufacturing materials, including production volume and
savings, has also been discussed in the literature [12,13]. The reduced time and temperature
for SPS increase potential output and require less energy per sample. For example, the time
needed for obtaining Ti-Al2O3-TiC is less than 10% when compared to HP. An economic
comparison of the SPS technology over HP on the Ti-Al2O3-TiC sample was also studied [13].
SPS’ annual production is nine times higher than HP, with an energy saving of at least USD
5.2 million in sintering costs (for an order of ~5000 parts).

This review will highlight advancements in the SPS technique and equipment from
mere a conventional sintering tool to fabricating porous material production for filter
applications, functionally graded structures, and complex shaped geometries, broadening
the potential for applications. Attempts have also been made to highlight and promote
a change from lab-scale apparatus to multi-functional components suitable for industrial
production. In this paper, future trends, perspectives, and opportunities in the research
field have also been identified.

2. Unconventional Applications of SPS

Even if the SPS process is a widely used sintering technique (>96%, see Figure 2a), its
usage as a tool to manufacture industrial components is lagging. The two main reasons for
this lag are (i) lack of easy scalability and (ii) difficulties in fabricating complex shapes. The
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classical use of the SPS has been limited to a single sample’s densification with a cylindrical
shape. Figure 2 shows a comparison of SPS’ usage as a non-conventional tool, which is
less than 4% of its total use. The unconventional usage is further divided into multiple
applications (Figure 2b) as recently emerged SPS technique variants. This article describes
the SPS technique’s unconventional use in the following sections.
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Figure 2. Pie chart on the publications related to the SPS process (a) as a sintering tool vs. unconven-
tional usage, and (b) the relative distribution of unconventional processing by SPS (based on data
collected from the Web of Science). Here, FGM stands for Functionally Graded Materials, and TLP
stands for Transient Liquid Phase.

2.1. Reactive Synthesis by SPS

The SPS technique’s significant advantages that will continue to attract researchers, in
the long run, include applying pressure, short sintering time, and low sintering temperature.
With SPS advancing as a promising rapid consolidating technique for nanostructured
powders and composites, it has soon been recognized that chemical reactions can also be
performed in SPS so that synthesis and densification can simultaneously be achieved, saving
time and adding flexibility to the material’s design. Various materials have been processed
using a reactive synthesis (RS) approach via SPS, labeled as RS-SPS. This novel fabrication
process for nanocomposites involves molecular-level mixing of raw powders during the
reaction process instead of conventional powder mixing. The as-prepared nanocomposites
have finer microstructures and exhibit high mechanical properties [14].

Previously, the addition of sintering additives during SPS has been used to improve
materials’ densification [15]. However, materials with poor sinterability can be subjected
to RS-SPS without using any sintering additives to achieve nearly full densification [16].
RS-SPS is an emerging field that has allowed the processing and densification of high purity
refractory ceramics, including ultra-high temperature ceramics (UHTCs) and high-entropy
UHTCs at a much lower temperature [17]. RS-SPS’ successes can be further extended by
the simultaneous synthesis and joining of two similar or dissimilar materials [18] and the
manufacturing of nanostructured coatings [19–21].

Microstructure development during RS-SPS involves two processes: (i) simultaneous
reaction and densification, and (ii) complete reaction followed by densification (the latter
occurs at a higher temperature). The chemical reaction accompanied by shrinkage within a
lower temperature range is the best situation for forming dense nanostructured materials [22].
However, the reaction and densification do not always coincide during the RS-SPS. When the
reaction ends before the shrinkage starts, one must resort to a higher temperature to obtain a
fully dense material. For example, an amorphous mixture of B and C-black tends to form
B4C at 1200 ◦C, while a dense compact of the reaction product is obtained at 1900 ◦C [23].
Chemical changes in the material during SPS processing can be due to the desired targeted
reactions and the undesired formation of new phases. The latter interfacial reaction products
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are mostly the cause of poor mechanical properties. Such an event was observed in Ti3SiC2-
reinforced Cu composites due to the partial melting of the Cu matrix [24].

However, some significant challenges remained in the RS-SPS process. The relation-
ship between the reaction and sintering process, the evolution of phases, densification, and
grain growth are not well understood due to limited studies. Thermodynamic modeling of
RS-SPS could be one way to predict the formation of different phases during the sintering
reaction and grain growth. New synthesis routes can be anticipated to be found for various
materials using SPS in its usual design and new geometries in the coming years.

2.2. Additive Manufacturing by SPS

Additive manufacturing (AM) techniques have gained significant attention due to their
ability to fabricate complex-shaped components with near full densification and improved
mechanical properties. Complex-shaped Al2O3 and WC-12%Co have been processed using
SPS without modification of the SPS tool and technique [25]. This study reported a process
to sinter a part with complex geometry rapidly, e.g., WC-12%Co were isostatically pressed
and subsequently directly laser machined without any heat treatment (green density ~57%).
The bushhammer part in WC-12%Co, as shown in Figure 3, was sintered at 1280 ◦C for
20 min, under 100 kN. The density after sintering was 98%. These parts were prepared
by laser machining and sintered in the hybrid SPS furnace (tooling diameter 80 mm) in a
TIMREX M150-96 powder bed. The dimensions of the complex component (80 mm) also
demonstrate the possibility of scaling up this novel method.
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with permission from reference [25].

The hybrid approach of utilizing two techniques in the formation of complex geometry
has been explored. In this regard, geometrically complex 3D structures of SiC were produced
by robocasting, followed by low-pressure SPS to produce a dense structure [26]. The sample
displayed >97% of the densification, showing linear shrinkage of ~22.8% from green to
the sintered state. Robocasting is a robotic material extrusion process in the AM technique
analogous to direct ink writing and other 3D-printing based methods. In this process, a
colloidal gel is extruded through a nozzle to form a filament directly deposited in a controlled
layer-by-layer sequence into a complex-shaped structure [27]. This approach can provide
new avenues to develop complex structures for structural and functional applications.

Another complex geometry of a near-net-shape turbine blade has also been successfully
sintered using SPS. The γTi-Al alloy was used to produce near-net-shape turbine blades
with excellent properties in a single step, both without subsequent thermal treatments [28].
The difficulty of near-net shaping lies in the blade geometry’s complexity with a thin foil and
thick root. This can be overcome by modifying the shape and size of the graphite die used
for SPS processing. As illustrated in the schematic shown in Figure 4a,b, the modifications
were conducted in the graphite mold and punch in shaping the part shown in Figure 4c.
The near-net shaped component (Figure 4c) is an 80 mm-long blade with no microstructural
heterogeneities observed. Due to the inherent simplicity of the process, such cost-effective
modifications represent a breakthrough in the aircraft industry. Furthermore, such work is
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an outstanding example of how SPS processing can be explored to obtain complex-shaped
components in a single step process unobtainable by traditional techniques.
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An added challenge of fabricating complex shapes is the thermal gradient and the
thickness difference resulting from the geometry. In a complex shape, small thickness areas
need lesser punch displacement than the high thickness area. Consequently, in the die
compaction process, these small thickness areas densify earlier than the rest of the part, and
they block the punches’ displacement, preventing overall densification. In general, the more
thickness differences a shape has, the greater the densification inhomogeneity. This can be
taken care of by a recently developed innovative approach called the “deformed interfaces
method” [29]. In this, an assembly of powders containing a deformable interface allows
the post-processing of the complex shape components along with a sacrificial part [29,30].
The assembly is made up of a complex shape porous area lined up with the separation
material and surrounded by another sacrificial porous area that is the opposite of the
first shape to create an external simple external geometry (of a cylinder). The process is
divided into three main steps (see Figure 5): the generation of the porous assembly, the
densification of the assembly, and elimination/separation of the sacrificial part. With this
simple technique, the possibility of producing multiple pieces using a specifically designed
graphite deformable sub-mold can be made possible. Al2O3 powder was inserted at the
interface “sample/punches” and Ni was the material to be sintered [30].

The sound welding between Al and Cu is complicated, mainly due to multiple phys-
ical, chemical, and metallurgical properties. Defects such as hot cracks, freezing cracks,
and intermetallic compounds appear during the welding process. Because of the recent
advances in AM by SPS technique, we fabricated a complex hybrid structure consisting of
Curod-Cupins-Alpowder, as shown in the CAD design in Figure 6a, to overcome the problems
mentioned above. It should be noted that the potential applications of complex Al-Cu joints
are focused on electrical industries as bimetals, bus bars, switchgear, and heat sinks [31].
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The images of the overall steps in assembling and SPS of Curod-Cupins-Alpowder are reported
in Figure 6b. This involves machining the Cu-rod with an array of cylinders in which Cu
pins can be fit. The area within the Cu-rod, Cu-pins, and above in graphite die was filled
with Al powders. The assembly was then sintered using SPS. The sample’s cross-sectional
view clearly shows the seamlessly joined hybrid and dense structure with each component
(Curod, Cupins, and Al), maintaining its design and identity. This experiment highlights the
ability of sintering as well as joining three dissimilar materials simultaneously. It would
be exciting to look at the microstructure and the gradient in the mechanical and thermal
properties at the interfaces of Curod-Cupins-Al.
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3. Joining of Materials

Joining is an essential technology for fabricating large as well as complex-shaped
components for engineering applications. Lately, SPS has also been used as an innovative
technology for joining similar and dissimilar materials with short holding times [32–37].
During SPS, the electrical current promotes the diffusion through the joining interface,
leading to a strong interfacial bonding strength at the joint. SPS technique has been used to
join similar and dissimilar materials, including metals to metals [38], metals to ceramics [39],
and metals to polymers [40]. More studies have been conducted on joining ceramics such
as α-SiAlON [41], α-SiC [42], ZrB2-SiC [33], C/SiC composites [36], and SiC-graphite [35].
More attention has focused on the choice of filler materials, pressure, and dwell time during
joining via SPS.

SPS processing enables the formation of a unique microstructure at the bonding layer,
not seen in the joints obtained from conventional techniques [32,43,44]. For a pressureless
Ti-Si-C reaction sintering process, a pressureless joining process has also been demon-
strated [45]. The study showed that the pressureless joining process is promising for the
integration of large, complex-shaped components.

In another study, solid p-type PbTe bulk material was joined to a Ni plate using
SPS [46]. The formation of a continuous and defect-free interphase layer of Ni3Te2 was
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obtained as thin as 4.5 µm when compared to then roughly 27 µm using powder PbTe
together with graphite die. The schematic illustration in Figure 7a shows the absence of
graphite die, therefore exposing the peripheral surface of two solids in the chamber during
the joining process. As a result, radial variation in the interface thickness can occur due
to the temperature gradient in the sample’s diameter caused by radiation loss. A one-
dimensional thermal model (Figure 7b) was used to determine the sample’s temperature.
This approximate model highlights the significant difference of bonding temperatures
between the current study and the theoretical temperature of formation for Ni3Te2 (793 K).
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The SPS-assisted diffusion joining method has also been used to join refractory ceramics
such as ZrB2-SiC substrate using a Zr-B reactive layer as the filler material [33]. Indistin-
guishable microstructure, mechanical, and oxidation properties at the joint were obtained,
comparable to that of the bulk material. However, the coefficient of thermal expansion
(CTE) mismatch between the filler material and parent material results in residual stress at
the interface. Thus, it results in insufficient strength at the joint and cannot be used above
1400 ◦C [33]. The filler materials produce a large reaction zone, porosity, and inhomogeneous
microstructure across the joint, resulting in reduced strength. New advancements with the
joining process where adding filler materials can be omitted will overcome this issue. Future
research focused on the joining mechanism, joint properties at service temperature, and nu-
merical simulations to delineate the influencing factors and process optimization is needed.
SPS joining techniques have a very high potential in manufacturing hybrid structures and
further research is required to exploit the field for practical applications.

4. Tailored Porosity by SPS

SPS has always been known to utilize pulsed current and pressure to obtain fine-
grained microstructure while eliminating porosity. However, recently, the potential of SPS
towards fabricating porous materials has also been recognized. SPS devices’ flexibility
in heating/cooling and heating mode choices has helped achieve this. This section will
highlight the successes and formulate unresolved problems in this area. Various porous
metals, intermetallics, alloys, ceramics, and C-based materials have been processed using
SPS by the partial densification approach [47]. The following significant methods include
pressureless sintering, sintering at low temperature, sintering of hollow and porous struc-
tures, and sintering with removable holders to form porous materials. Furthermore, the
improvements in porous structures’ performance and reliability via controlling the pore
geometry have also been reported [48]. The fabrication approaches and structure formation
of the porous material by the SPS process are schematically shown in Figure 8a [47].

The fabrication of porous structures by SPS has shown potential in energy absorption
materials, bio-implants, high-temperature filters, fuel cells, and thermoelectric materials. The
metallic hollow spheres have gained many critical industrial applications such as lightweight
constructions, crash absorbers, heat insulators, and sound absorbers. Several attempts were
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made to fabricate randomly packed hollow sphere (RHS) structures [49–51]. However, due
to the extraordinary cost, none of the approaches have gained practical significance. RHS
of 316L stainless steel with a ball diameter of 2–3 mm and a wall thickness of 250 m was
densified using SPS in the temperature range of 1000–1250 ◦C, presented in Figure 8b [52].
The as-received RHS has micropores of few micrometers. After SPS processing at 1100 and
1200 ◦C only for 3 minutes, RHS becomes densified (see Figure 8c) [52]. Porous aluminum is
a promising energy-absorption material [53]. In contrast, porous Ti-based alloys and porous
metallic glasses are designed to become biocompatible materials [54,55] due to high corrosion
and wear resistance [56]. Porous ceramics processed via SPS have been recommended for
water and air purifications [57]. SPS has shown promising results for making porous fuel
cells [58]. The properties of thermoelectric materials can be tuned by varying porosity as a
structural key parameter [59]. In this study [59], Sb-doped Mg2Si0.5Sn0.5 was prepared using
pressureless SPS. Compared with dense samples, those with a porosity of 37% showed a
significantly lower thermal conductivity and a higher Seebeck coefficient.
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The challenge in making porous structures from powders is preserving their porosity;
in some cases, the particles’ structure achieves good mechanical integrity. Future inves-
tigations are needed to understand the electric current on the mechanical properties of
the porous sintered materials. The high heating rates can be beneficial for forming porous
structures. SPS with space holders and processing of hollow spheres involves controlling
the microstructure of the pore walls.

5. Batch vs. Continuous Process Scale-Up of SPS

The majority of the SPS literature usually focuses on ceramic specimens not larger
than 40 mm. This section will demonstrate how new extensions, hybrid or flash technology,
and suitable systems can lead to industrial production materials’ essential scaling up.
Researchers focus on scaling up the SPS technique to fabricate large-sized specimens
approaching 100 mm in diameter and 20 mm in height [60]. Analysis of the densification
process, structure evolution, homogeneity, and change in the mechanical properties that
arise during the scaling-up of high-temperature ceramics consolidated at temperatures
>1800 ◦C needs to be addressed.

Many companies have tried developing new methods to improve SPS’ results and re-
duce the time consumed to produce objects. FTC Systeme GmbH developed FAST/SPS (Field
Assisted Sintering Technology SPS), Semicontinuous FAST/SPS, Continuous FAST/SPS,
FAST2/SPS, and Multiple-pressing tools methods aiming to produce large scalable industrial
machines. These FAST methods (e.g., FAST/SPS, FAST/Hybrid, FAST/Flash) allow for a
significant heating period reduction due to increased heating rates and thermal homogeneity.
Even with these modifications, the long cooling time is still a concern regarding its produc-
tivity and cost-efficiency [61]. The semicontinuous process resulted in a favorable change for
the industry, but it still requires time for the sample to cool down. The other modification
for scaling up the SPS process is that the continuous method [62] comprises a separate
preheating of the pressing tool inside a preheating tunnel. This process is significant as it
reduces the densification time while simultaneously optimizing the components’ homogene-
ity. The throughput of such a system can be as high as six pieces per minute, depending on
the sintering profile and the material’s size under processing. While the continuous process
reduced the time consumed even more, with no wasted time for the sample to cool down, it
demands a large space to fit the machine. Another modification is “hybrid heating”, which
is a combination of the FAST/SPS method, as illustrated in Figure 9 [63]. It comprises one or
several other heating systems, which usually act outside the pressing tool system. The hybrid
process improves the samples’ homogeneity, while the semicontinuous process reduced the
time consumed to produce samples. For even faster results, other improvements (FAST2/SPS
and Multiple-pressing tools) can enable a new market and promotes technical progress to
the various application sectors.
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Moreover, concerning SPS’ productivity aspect, one of the most promising solutions is
multiple parts sintering. The simultaneous sintering of multiple samples has been tried [64]
but is difficult to control without optimized configurations. The most significant limitation
of this is the maintenance of temperature homogeneity. This needs to be looked upon as a
future aspect of the industrialization of the SPS technique. Homogenization can be achieved
by adjusting the electric insulations to the current flow and a few geometrical modifications.

6. Polymer Processing via SPS

Polymers have been processed conventionally using techniques such as injection
molding or extrusion. However, these techniques have drawbacks as they require high
temperatures and melting of the polymers. A few polymers’ high viscosity in the molten
state restricts their shape, forming ability, and use of specific fillers such as carbon or aramid
fibers [65]. Additionally, high-temperature processing leads to oxidative degradation and
crystallization that occurs during the cooling process. This leads to shrinkage problems due
to the difference in the density between the amorphous and crystalline phases. A solution
to these problems is developing samples by the powder metallurgy approach and, more
precisely, via SPS. SPS helps to overcome the challenge of high melt viscosity in polymers.
High density and purity are observed in SPS-processed polymers. Moreover, polymers
processed using SPS have better mechanical and thermoelectric properties over extrusion
and molding. Nevertheless, the origin of remarkable mechanical properties observed
without complete melting of polymers remains poorly understood.

Sebileau et al. [66] demonstrated the processing of PEEK below its melting tempera-
ture by SPS, in which pressure appeared to be a critical factor that governed the mechanical
properties. The pressure applied during sintering played a dual role. The high pressure
applied during sintering improved the ductility but is not conducive to obtaining high
compressive modulus and high yield strength values. This effect becomes more prominent
with an increase in temperature. The negative impact of pressure on PEEK’s mechanical
properties has already been reported [67,68]. Wool et al. [67] showed that though a mini-
mum pressure is required to promote the intimate contact and wetting of the interfaces,
pressure increase leads to decreased fracture energy of the grain interface. This has been at-
tributed to the fact that at high pressures, polymers’ glass transition temperature increases
drastically, which could significantly impact the welding rates at low temperatures.

The development of multi-layered polymeric/metallic materials, referred to as function-
ally graded materials (FGM) employing SPS, has also been explored [40]. In this study [40],
the aim was to join polymers with metal for advanced structural applications. Omori et al. [69]
obtained Cu/polyimide (PI) FGMs using a customized die to create a temperature difference
between Cu and PI components. A dense three-layered FGM with no cracks and pores was
obtained in the study. Thus, processing polymers and composites via SPS is a novel approach
that takes care of the issues above, such as chemical degradation and high viscosity, while
processing polymers and enhancing their crystallinity and mechanical integrity.

7. Pressureless and Cold-SPS

Pressureless sintering has been regarded as the method which has the fewest shape
limitations. To obtain this, studies are being conducted to create conventional pressureless
sintering conditions inside SPS. A unique feature of this compared to that of the con-
ventional approach is that this process enables rapid and highly homogeneous heating
by radiation heat transfer. There are various design modifications used in the literature
on the punches instead of regular cylindrical punches. One of such designs is shown in
Figure 10 [70]. In the modified punch design, the working space remained constant between
the punches by not touching the sample inside the standard SPS die, resulting in zero exter-
nal pressure. Guintini et al. [71] detailed the process and heating mechanism of pressureless
SPS. The electric current goes to the punch through the graphite die and causes an increase
in the die temperature due to the Joule heating effect. This generated heat is transferred
to the powder inside the die mainly by thermal conduction. The default load of the SPS
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required for maintaining the die assembly is sustained by the top and bottom surface of the
two punches, and thus the powder compact is not subjected to any external pressure [72].
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The usage of SPS as a pressureless technique can be divided into three categories:

• Retained grain growth for enhanced mechanical properties;
• Production of a highly porous structure with controlled pore shape, size, and geometry;
• Consolidation of the green body within a short time.

This can be achieved by modified die assembly, which serves as a barrier between
loose powder and the graphite SPS die. In this case, neck formation is achieved by the
high heating rates, an advantage of using SPS over conventional heating mechanisms. The
final temperature and time also play an essential role in the component’s overall shrinkage
and final porosity. In some cases, pre-compacted samples are inserted in the SPS die to be
sintered via a pressureless approach. The highly densified sample with fine grain structure
due to reaching the maximum sintering temperature can be achieved in a very short time.
There is limited research on pressureless SPS.

The recent development of the cold sintering process has also been successfully re-
ported, leading to a high densification level while operating from RT to 200 ◦C [73–75].
SPS has been successfully used at relatively low temperatures to consolidate biomateri-
als [76] and geological disposal of 129I, i.e., lodoapatites [77]. Various thermodynamically
fragile compounds such as carbonates, sulfates, and phosphates decomposing between
220 and 780 ◦C have also been processed using SPS [78]. This enabled the processing
of fragile materials easier as these materials have limited thermodynamic stability due
to low-temperature decomposition and phase transition. In this regard, relatively high
pressure (300 to 600 MPa) and low temperature (below 400 ◦C) during SPS is used. In liter-
ature, this technique has been referred to as “Cool-SPS” to obtain highly dense functional
ceramics [78]. The technique led to the formation of highly dense (95–98%) thermodynam-
ically fragile materials. The efficiency of Cool-SPS and its contribution to widening the
opportunities associated with low-temperature sintering has been highlighted. The specific
case of Na2Cu(CO3)2 obtained through in situ dehydration in the study shows that Cool-
SPS can be used to isolate a specific phase that may not be obtained using conventional
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routes [78]. The sintering of MnSO4 was performed at 400 ◦C (well below the decom-
position temperature of 780 ◦C), showing that effective sintering can be achieved at low
temperatures. This also raises the question if the SPS processing temperature of traditional
functional materials (such as oxides) can be lowered. Thus, combining low-temperature
traits, extremely short sintering time, and phase stabilization beyond the usual stability
range offers vast possibilities for the prospective search of new functional materials and
allows for their development.

8. Liquid Phase Sintering by SPS

The sintering process is broadly divided into liquid- and solid-state sintering depend-
ing on the state of the sintering additives (or reinforcements), which it undergoes during
the sintering process. The former has the advantage of lower sintering temperature, fine
grain microstructure, and enhanced strength over the latter. In many refractory materials,
especially in ceramics, the strong covalent bonding and low self-diffusion coefficients re-
strict its densification over grain coarsening. Hence, liquid-state sintering is preferred over
solid-state sintering for such materials. For example, solid-state B4C is hard, brittle, and has
coarse microstructure undesirable in strength and wear resistance. However, liquid-state
sintered B4C has a fine microstructure and is tough, but the residual intragranular phase
limits its hardness. This dichotomy can be overcome by using solid-state and liquid state
sintering traits referred to as the transient liquid phase (TLP) sintering approach [79]. In
TLP sintering, the sintering aid first melts at an early stage of sintering, and then that liquid
reacts with the solid, disappearing as sintering proceeds further. This approach has been
applied to B4C using metallic and intermetallic sintering additives [80,81].

The transient liquid phase sintering process involves three stages: liquid phase for-
mation and particle re-arrangements, solution re-precipitation, solid-state diffusion, and
coarsening. Of these, solid re-precipitation is the most crucial step for the densification
step [82] as it is affected by the liquid phase’s viscosity. The liquid phase’s fluidity is further
dependent on the sintering temperature and external pressure applied during SPS process-
ing. Using the same liquid-phase sintering additives, different sintering methods would not
lead to the same sintering result [83].

SPS-assisted TLP sintering of a SiGe alloy doped with phosphorous [84] is a rapid
and effective method to synthesize SiGe alloys with superior chemical homogeneity and
desirable power factor performance. During transient phase SPS, the temperature and
pressure provide key contributions for simultaneous in situ alloying and densification.
As shown in Figure 11a,b, when the temperature reaches 650 ◦C, the surface of Ge melts
and forms a thin amorphous layer that offers particles to glide and enhances densification.
Furthermore, an increase in temperature results in Ge’s complete melting with the co-
existence of solid Si particles. In this regime, the applied pressure provides the capillary
attraction and superior wettability, resulting in predominant enhancement of liquidus Ge
diffusion into stable Si. The schematic representation of this phenomenon is shown in
Figure 11c. It was also demonstrated that B4C-MoSi2 powder mixture during TLP sintering
led to B4C-MoSi2-SiC triplex particulate formation with fine-grained microstructure [79]
due to the C-diffusion.

Future research needs to be conducted to investigate the relationship between the pro-
cessing, microstructure, and properties of the materials processed using the TLP sintering
approach. Moreover, the molten phase formed eventually reacts with the C (from graphite),
presenting a unique possibility of further improving the toughness of the material via
innovative microstructural design. Additionally, the question arises that in the absence
of a solid carbon source in the powder mixture, the CO generated in the furnace would
react to the molten phase to more refractory carbide in materials like B4C. It is also unclear
whether the molten phase will emerge as a residual secondary phase or disappear either by
forming a substitutional solid-solution with the matrix or forming a new refractory carbide
along with the C-deficient matrix phase. Indeed, new studies answering these questions
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are expected. Thus, TLP sintering will create future avenues with improved performances,
especially in ceramics for extreme environments.
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9. Rapid Cooling After SPS

SPS has been known for its remarkable feature of rapid heating rates for consolidating
a large variety of advanced structural materials. SPS has a very high heating rate of up
to 1000 ◦C/min, but its cooling rate is prolonged with natural gas or argon gas flooding.
Additionally, adjusting the cooling rates has so far faced limitations. The current section
discusses the potentials of modified SPS with an integrated novel gas quenching system.
This can provide avenues for advanced structural materials, especially metallic systems, to
be sintered and directly quenched up.

This technique can also be used as a sinter hardening method. The parts are sintered
and quenched directly after the sintering step, saving energy and costs connected to con-
ventional hardening where the parts are reheated to hardening temperatures [85,86]. Sinter
hardening, when performed by gas quenching instead of oil quenching, has benefits in
terms of dimensional stability and cleanliness of the sample. Zhang et al. [87] modified the
SPS technique and integrated it with a novel gas quenching system. The SPS vacuum was
broken and flooded with argon gas and then quenched with high-velocity nitrogen gas.
They investigated the effect of cooling rate on the mechanical properties and microstructures
of the Ti6Al4V alloy. The various cooling rates (1.6, 4.8, 5.6, and 6.9 ◦C/s with an uncertainty
of 0.1 ◦C/s) were achieved by changing the thickness of the graphite dies. The rapid cooling
rate has increased the ultimate compressive strength and the compressive strains (ductility)
of the Ti6Al4V alloy. Additionally, the hardness (HV1) varied from 327 ± 8, 337 ± 7, 342 ± 4,
and 353 ± 4 for cooling rates of 1.6, 4.8, 5.6, and 6.9 ◦C/s, respectively. The hardness
increases with a higher cooling rate; thus, sinter hardening of the Ti6Al4V alloy has been
accomplished by gas quenching during SPS. A schematic diagram and image of the gas
quenching system in the study’s SPS are shown in Figure 12 [87].

The literature has shown the feasibility of the rapid cooling SPS process and opened
the door to processing numerous other metallic powder-based materials systems. The
ductility of some alloys can be improved by the rapid cooling rate during SPS. Additionally,
this provides the opportunity for the easy manufacturing of complex shapes and plates
for engineering applications. However, this technology can probably not be applied to
conventional ceramics and other advanced brittle materials.
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10. Extrusion by SPS

Although SPS has emerged as an advantageous technique for advanced structural ma-
terials, it has been limited to simple configuration processing due to its inherent geometric
design. However, quite a few studies are highlighting the aspect of the SPS technique for
the extrusion process. A few of those studies and the potential of SPS have been described
in this section. Extrusion studies on Fe49.7Cr17.7Mn1.9Mo7.4W1.6B15.2C3.8Si2.4 containing
Y2O3 nanoparticles, aluminum, and aluminum-carbon nanotube materials systems have
recently been reported with the SPS process [88–92]. The spark plasma extrusion (SPE)
process’ remarkable advantages over conventional SPS has shown significant implica-
tions [93]. This includes faster consolidation, dynamic recrystallization leading to grain
refinement due to the electric field, faster kinetics during phase transformation, alignment
of the reinforcements in electric field direction, and fabrication of materials with more
complex geometries. One example of the graphite die design used during the SPE process
is shown in Figure 13 [92]. Al-CNT were cold compressed in an SPS graphite container, as
shown in Figure 13a. The cold compressed Al-CNT sample was 10 mm in diameter and
15 mm in height. The modified graphite mold for SPE was designed (Figure 13b) to reduce
the diameter from 10 to 5 mm upon exiting the die. The microstructure of the Al-CNT
composite produced by the SPE process is shown in Figure 13c–e. The interface between
the Al matrix and CNT-rich area is shown in Figure 13c. The Al-rich phase next to the
interface (see Figure 13d) has darker dots assigned to the remaining CNT agglomerates.
The CNT’s agglomeration in the CNT-rich region in the metal phase melted during SPE
is seen in Figure 13e. The EDS analysis showed that the CNT-rich region has 90.4 atomic
wt% of C and 5.6 atomic wt% of Al, compared to 7.4 wt% of C and 92.2 wt% of Al in the
Al-CNT region.

The idea of combining and SPS requires several questions to be answered and dissem-
inated to the scientific community. These include:

• What is the effect of combined deformation and electric current activation on the
recovery and recrystallization behavior of extruding materials?

• What is the effect of current density, extrusion speed, and extrusion ratio on the activa-
tion energy for extrusion, deformation mechanisms, extrusion pressure requirements,
and resulting microstructures?

• Given that SPE will have different heat generation and dissipation sources (e.g., Joule
heating, frictional heating, deformation heating, heat losses to the tooling, and de-
creased Joule heating during the process due to loss of resistance through consolidation),
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what would be the temperature distribution within a spark plasma-extruded/extruding
sample? Furthermore, how does it affect the microstructure?

Ceramics 2021, 4 FOR PEER REVIEW  16 
 

 

• Given that SPE will have different heat generation and dissipation sources (e.g., Joule 
heating, frictional heating, deformation heating, heat losses to the tooling, and de-
creased Joule heating during the process due to loss of resistance through consolida-
tion), what would be the temperature distribution within a spark plasma-ex-
truded/extruding sample? Furthermore, how does it affect the microstructure? 
The recent innovative research on SPS technology and its extension to extrusion has 

significant implications in producing powder-based materials of extended geometries. It 
can also emerge as a technique for generating unique microstructures due to stress-in-
duced deformation under the influence of electric current; the material recrystallization 
due to the impact of current during extrusion via SPS. Research is also underway to ex-
amine the possibility of fabricating nanowires and nanotubes using ultra-high current 
densities via the SPE process. Future work will explore higher extrusion speed to over-
come reduced extrusion temperature with ram displacement of the SPS. It is also expected 
that the SPE process can be applied to a wide range of materials. 

 

Ceramics 2021, 4 FOR PEER REVIEW  17 
 

 

 
Figure 13. Schematic of the graphite die used for (a) cold pressing the Al-CNT green body, and (b) 
position of the sample before the spark plasma extrusion process. The microstructure of the Al-
CNT composite produced by SPE process (c) interface of Al and CNT, (d) Al-rich region next to 
the interface, and (e) CNT-rich region. Reproduced with permission from reference [92]. 

11. Summary 
SPS processing’s initial motivation was centered as a fast consolidation technique 

under electric field and current application. Presently, the range of potential applications 
from automotive to aerospace to marine and biomedical implants has urged the broaden-
ing of horizons for the SPS process. Hence, SPS’ usage from merely a consolidation tech-
nique of cylindrical shaped samples has grown considerably with certain tool modifica-
tions into a variety of entirely new techniques. It includes RS-SPS, additive manufactur-
ing, joining materials, fabrication of porous structures, scaling-up of SPS processing, pol-
ymer processing, pressureless SPS, cold SPS, rapid cooling post-consolidation, TLP pro-
cessing, and extrusion. A few of these advancements in the SPS technique with their real-
life industrial applications have schematically been shown in Figure 14. This illustrates 
that current, electric fields, and pressure during SPS processing have dramatically en-
hanced the degree of freedom in materials’ design. Each of these processes has made sig-
nificant progress, but the lure of revolutionary advances will continue to motivate re-
search on SPS’ unconventional usage. Each of these advancements in SPS technology al-
lows for the easy manufacturing of complex shapes components, hard-to-sinter materials, 
C-containing materials, interconnected materials, and advanced structural and functional 
materials. The scaling-up of these complex-shaped components from a lab-scale can also 
be taken to the next level using modern, production-capable, hybrid, continuous SPS ma-
chines for industrial applications. Hence, the global SPS research community should im-
press upon the non-conventional usage of the SPS technique, highlighting its transition 
from laboratory scale to real-world applications. However, there still lies the question of 
whether these complex-shaped components require machining post sintering or not. 
More complex geometries exhibit new challenges for their machining. The generation of 
residual stresses post-machining will influence the performance of the final product.  

The development of new hybrid sintering by combining different sintering methods, 
e.g., direct and indirect heating, uniaxial and gas pressure, high and low electric fields, is 
the next step in SPS technology. Hybrid systems will provide new opportunities for de-
veloping and optimizing innovative materials in the intensive research fields of power 
engineering, electric mobility, or aerospace sectors. 

Figure 13. Schematic of the graphite die used for (a) cold pressing the Al-CNT green body, and
(b) position of the sample before the spark plasma extrusion process. The microstructure of the
Al-CNT composite produced by SPE process (c) interface of Al and CNT, (d) Al-rich region next to
the interface, and (e) CNT-rich region. Reproduced with permission from reference [92].

The recent innovative research on SPS technology and its extension to extrusion has
significant implications in producing powder-based materials of extended geometries. It
can also emerge as a technique for generating unique microstructures due to stress-induced
deformation under the influence of electric current; the material recrystallization due to
the impact of current during extrusion via SPS. Research is also underway to examine the
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possibility of fabricating nanowires and nanotubes using ultra-high current densities via
the SPE process. Future work will explore higher extrusion speed to overcome reduced
extrusion temperature with ram displacement of the SPS. It is also expected that the SPE
process can be applied to a wide range of materials.

11. Summary

SPS processing’s initial motivation was centered as a fast consolidation technique
under electric field and current application. Presently, the range of potential applications
from automotive to aerospace to marine and biomedical implants has urged the broadening
of horizons for the SPS process. Hence, SPS’ usage from merely a consolidation technique
of cylindrical shaped samples has grown considerably with certain tool modifications
into a variety of entirely new techniques. It includes RS-SPS, additive manufacturing,
joining materials, fabrication of porous structures, scaling-up of SPS processing, polymer
processing, pressureless SPS, cold SPS, rapid cooling post-consolidation, TLP processing,
and extrusion. A few of these advancements in the SPS technique with their real-life
industrial applications have schematically been shown in Figure 14. This illustrates that
current, electric fields, and pressure during SPS processing have dramatically enhanced
the degree of freedom in materials’ design. Each of these processes has made significant
progress, but the lure of revolutionary advances will continue to motivate research on
SPS’ unconventional usage. Each of these advancements in SPS technology allows for the
easy manufacturing of complex shapes components, hard-to-sinter materials, C-containing
materials, interconnected materials, and advanced structural and functional materials.
The scaling-up of these complex-shaped components from a lab-scale can also be taken
to the next level using modern, production-capable, hybrid, continuous SPS machines
for industrial applications. Hence, the global SPS research community should impress
upon the non-conventional usage of the SPS technique, highlighting its transition from
laboratory scale to real-world applications. However, there still lies the question of whether
these complex-shaped components require machining post sintering or not. More complex
geometries exhibit new challenges for their machining. The generation of residual stresses
post-machining will influence the performance of the final product.
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industrial applications.

The development of new hybrid sintering by combining different sintering methods,
e.g., direct and indirect heating, uniaxial and gas pressure, high and low electric fields,
is the next step in SPS technology. Hybrid systems will provide new opportunities for
developing and optimizing innovative materials in the intensive research fields of power
engineering, electric mobility, or aerospace sectors.
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