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THEORY AND TECHNOLOGY OF SINTERING,
THERMAL AND THERMOCHEMICAL TREATMENT

PRESSURELESS SPARK PLASMA SINTERING:
A PERSPECTIVE FROM CONVENTIONAL SINTERING
TO ACCELERATED SINTERING WITHOUT PRESSURE

R. Yamanoglu!
UDC 621.762.5

Spark plasma sintering (SPS) has been an attractive technique for many researchers seeking to
consolidate metals and ceramics. This technique’s high heating rates with the support of
simultaneous applied pressure result in highly densified materials. One of the most important effects
of a high heating rate is the limitation of grain growth, which results in enhanced mechanical
properties. Recently, a relatively new form of SPS with its own unique advantages was developed
and is most commonly referred to as pressureless spark plasma sintering (PSPS). There has been an
increase in the usage of this method in several applications such as porous material production,
sintering of materials with a finer grain structure, and consolidation of green bodies in a short time.
Although there have been many studies on PSPS, there is currently no review of the pressureless
applications of SPS. This paper provides a link from SPS to PSPS and discusses the different
applications in some detail.
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INTRODUCTION

Powder metallurgy is preferred for different applications due to its advantages compared to conventional
techniques. Complex shaped components with small dimensions can be easily controlled by powder metallurgy [1,
2]. Several historical perspectives of powder metallurgy have been reported by different authors [3—6]. Sintering of
materials has a long history. Early civilizations began to build materials from powders to useful shapes using
powder metallurgy. Gold, silver, copper, and iron powders were obtained by grinding and without melting subjected
to heat for building materials. The most common examples for the earliest powder metallurgical parts are iron
implants, coins, iron pillar of Delhi, daggers, etc. [7, 8]. Many examples have been shown by analysis of fired
materials found in China, India, Egypt, Japan, Turkey, Korea, Central America, and Southern Europe. However,
controlling the sintering process by different temperatures and holding times was started to produce sintered products
in Spain, China, Korea, Japan, Germany, England, and Russia only a few hundred years ago [9].
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For material processing using sintering, energy reduction is a vital issue. During the sintering process, the
material’s surface area is reduced by growing bonds at the contact points of nearby particles by means of heating.
The exposed surface of neighboring particles is replaced by the formation of grain boundaries at the interparticle
bonds, which are then removed by grain growth via densification. Therefore, the resulting grain size and density
have a strong effect on the final properties of the sintered material. The grain growth and densification process are
dependent on the sintering holding time and temperature and must be carefully controlled for optimal material
properties [10].

Today, pressure-assisted sintering is helpful to enable enhanced material properties in different processed
materials [11-15]. Applying high pressure to a compact powder during sintering causes a direct benefit to the
densification and final mechanical properties of the material. External pressure has been found to enhance the
densification rate reducing the required sintering temperature and holding time. These conditions have been
observed to effectively suppress the rate of grain growth, which also results in improved mechanical properties [16].
The pressure effect can also be effective in the elimination of pores, and is usually used in tandem with a vacuum to
improve the benefits from the densification step. Initially, sintering is performed under a vacuum to ensure a closed-
pore condition with pores free of trapped gas. Afterwards, external pressure is applied to accelerate the elimination
of the remained pores [17]. External pressure can be applied in one of the two ways: unidirectional or isostatic.
Techniques using these approaches are defined as conventional pressure-assisted methods. Common methods
include hot pressing (HP) for unidirectional application of pressure, and hot isostatic pressing (HIP) for isostatic
pressure [18]. In HP procedures, loose powders are placed into a die, which is then placed between two punches and
subjected to heat with simultaneous pressure. This operation may be conducted under vacuum or under a protective
atmosphere. For uniaxial HP, graphite dies and punches are commonly preferred for their high thermal conductivity
and self-lubrication properties. A graphite experimental setup is also suitable for inductive and resistive heating. In
HIP procedures, however, flexible dies are used with hydrostatic pressurization. The powder compact is inserted
through a threaded closure and pressure is applied by means of gas introduced to the chamber and any heating is
performed after the gas is introduced [17-20].

Recently, there has been an increasing interest in current-activated sintering as a new pressure-assisted
densification method due to the efficiency of the process and its ability to fabricate novel materials. By using a high
electric current (ranges from ~1000 A to 10,000 A at 10-15 V maximum), it is possible to consolidate particles to a
higher density faster than conventional sintering methods and hot pressing techniques [21]. Current-activated
sintering techniques include many distinct methods, including spark plasma sintering (SPS), field-assisted sintering
(FAST) [22, 23], pulsed electric-current-assisted sintering (PECAS) [24, 25], current-activated and pressure-
assisted densification (CAPAD) [26, 27], electric-field-assisted sintering (EFAS) [28, 29], and pulsed electric
current sintering (PECS) [30, 31]. Each method of current-assisted sintering is distinct due to their different process
mechanisms [32]; however, the most common method is SPS and we will use it as a general term in the following
sections.

SPARK PLASMA SINTERING

Figure 1 shows the number of academic papers related to SPS that have been published annually since
1994. The increasing trend can be clearly seen in the graph adapted from SCOPUS. In recent years, the SPS method
has received a great deal of attention, with a large number of research studies and reviews completed describing
applications of the technique. One of the most important commercial usage of the SPS technique is nuclear fuel
pellets [33]. Other common applications of SPS are thermoelectric materials [34], biomaterials [35], and transparent
materials [36]. Although there has been an increase in the usage of commercial SPS recently, the origin of current-
activated sintering is much older. The method was first described in 1933 as a way to use an electric discharge or
current to aid in the sintering of particles [37, 38]. Some sources also suggest that the earliest application of SPS
began in 1906 when the first direct current (DC) resistance sintering apparatus was developed [39—41].

SPS has since been applied to the consolidation of different materials such as metals [42, 43], ceramics [44,
45], composites [46, 47], and functionally-graded materials [48, 49] with short processing times. To enable the
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Fig. 1. Number of papers published on the spark plasma sintering of materials (adapted from
SCOPUS)

innate advantage of short sintering times, SPS employs a spark discharge in the voids between particles and
consolidates powders to near their full density. This spark discharge between neighboring particles activates the
surfaces of each particle, purifies oxide contamination, and effectively self-heats the material. This effect also
enables a lower required sintering temperature and shorter dwell times and often results in a denser structure with
finer grain sizes and higher strength [50-52].

As a pressure-assisted sintering technique, SPS is in some ways similar to conventional HP techniques.
However, the heating mechanisms of these two pressure-assisted sintering methods are very different. Heat is
typically produced by a radiative furnace for HP methods, while SPS methods produce heat by Joule heating caused
by an applied pulsed direct current of several thousand amperes and a few volts. The heating rate during SPS can
reach up to 1000°C/min. Similar to hot pressing, SPS often uses graphite molds as a die material. The applied
uniaxial pressure during SPS is in the range of 10-100 MPa. These two effects consisting of high Joule heating
rates and simultaneously applied pressure are the main causes of the enhanced densification enabled by SPS [53].

For conventional SPS methods, the effect and contribution of many different mechanisms have been
studied, including plasma or microdischarge of the particles’ surfaces, Joule heating, electromigration, local
melting, and evaporation. One of the main issues focused on in these studies is the plasma effect between particles
during sintering. Although there is some doubt about whether plasma forms between particles, there has not been
any certain conclusion to be drawn. Many mechanisms for SPS and HP sintering have focused on the early stages of
the sintering process. Most of them concluded that SPS enhances neck growth between particles and causes
accelerated atomic diffusion compared to HP. However, there has thus far been relatively few investigations into the
pressureless condition of SPS [54].

Based on the many advantages of the SPS method, a new approach called pressureless spark plasma
sintering has been developed and used for a number of materials with different properties. Though this new
pressureless form of SPS has drawn increasing amounts of attention recently, there has been no review published in
this field. In the current review, we focused on the pressureless form of the SPS method.

PRESSURELESS SPARK PLASMA SINTERING

Pressureless spark plasma sintering (PSPS, also known as free pressureless spark plasma sintering) is a
relatively novel modification of the conventional SPS method. Bradbury and Olevsky changed the conventional
design assembly to enable a pressureless condition during SPS sintering. Their method used graphitic T-shaped
punches instead of regular cylindrical punches. The working space remained constant between the fixed punch faces
inside the standard SPS die resulting in zero external pressure during the sintering process. In both PSPS and SPS
assemblies, contact resistance must be sufficient to provide resistance between the punch exteriors and die wall
interiors. This resistance is vital for obtaining high temperatures and Joule heating rates during SPS. For this reason,
graphite spacers are used at the contact point in the die design [55].

Several die designs showing a comparison between conventional and pressureless SPS are provided in Fig.
2. Guintini et al. detailed the process of PSPS and the heating mechanism can be summarized as follows: the
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Fig. 2. Die designs of regular and pressureless SPS: a) pressureless form of SPS using T-shaped
punches, b) regular SPS subjected to applied external pressure, and c¢) another form of pressureless
SPS with an additional graphite piece [57]

electrical current goes from the T-shaped punch through the graphite die and causes an increase in the temperature
of the die due to the Joule heating effect. This generated heat is transferred to the powder inside the die mainly by
thermal conduction. The minimum load which is necessary for closing and maintaining the die assembly is
sustained by the top and bottom surface of the two T-shaped punches, and thus the powder compact is not subjected
to any external pressure [56].

Another form of PSPS was developed by Bertolla et al. Unlike the T-shaped punch used previously, they
inserted an additional graphite piece inside a regular cylindrical SPS die assembly. This additional structural
member was subjected to any minimum applied pressure and prevented it from affecting the sample [57].

Dudina et al. conducted a study on the evolution of spherical particle morphology in Al powders during
PSPS. They did not observe any local melting or erosion for loosely packed Al powders sintered at 600°C (Fig. 3).
This is likely due to the high thermal conductivity of micrometer-sized metallic powders not sustaining the local
interparticle overheating necessary for producing melting and necks [58].

In another study, although gross particle morphology did not change during sintering, Yamanoglu et. al.
observed some local melting regions for a TisAl, sFe alloy sintered by PSPS [59]. This observation can be
attributed to the different temperature distribution from the particle surface through the core of the particle due to
the applied pulsed electrical current. During sintering, the surface of the particle can reach its boiling point,
resulting in enhanced neck formation between particles at relatively low temperatures by means of local melting
areas [54, 60]. This effect is especially valid for highly porous structures. The electrical arc which occurs in the

Fig. 3. The fracture surface of sintered loosely Fig. 4. Fracture surface of TisAl, sFe alloy produced
packed Al powders [58] by pressureless spark plasma sintering [59]
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pores between particles causes an extremely high temperature increase close to the neck points. The spherical
particle shape remains largely unaffected, but the small plastically-deformed areas can be observed in Fig. 4 [59].

APPLICATION OF PRESSURELESS SPARK PLASMA SINTERING

Although the development of PSPS occurred relatively recently, there has been an increase in the usage of
this method for several experimental aims. The usage of PSPS can be divided into three categories: prevention of
grain growth by high heating rates for enhanced mechanical properties, production of a highly porous structure with
controlled porosity ratio without applied pressure, and consolidation of green powder bodies within a short period.

PSPS is a suitable technique to enable densification of powder compacts previously shaped by different
methods. Meng et al. used micro-powder injection molding (PIM) to obtain an alumina micro-channel compact and
then densified it with PSPS. They successfully used PIM to obtain a fine and uniform microstructure while PSPS
was then used to densify with high heating rates. Before the PSPS process, the powder binder was removed by
thermal debinding and the micro-channel compact was placed into the PSPS assembly.

They attempted sintering with two different heating rates (100 and 200°C/min), and found that
densification could not be achieved with a 200°C/min heating rate. In the study, the successful sintering conditions
used was a temperature in the range of 1150 to 1350°C, a holding time of 5 min, and a 100°C/min heating rate.
When the sintering temperature is increased in this range, the final density of the molded part increased. However,
the authors observed that grain size increased abnormally at 1350°C resulting in a decrease of material hardness.
This study proved that PIM-fabricated parts can be densified by PSPS with good shape retention and mechanical
properties by inhibiting any grain coarsening effects [61].

Yamanoglu et al. successfully used PSPS for the production of porous biomedical titanium alloys.
Prealloyed TisAl, sFe powders were poured into the graphite die and T-shape punches were used to ensure a

pressureless condition. Their sintering condition involved heating at 100°C/min to a final temperature in the range

Fig. 5. PSPS-processed porous TisAl, sFe alloy: a) macro image of porous compacts, b) SEM images

of the porous structure with low and high magnification. No size and shape change is visible. The high
heating rate is clear in the high magnification image of the particle contact point which resulted in
stronger mechanical properties [59]
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of 750-850°C for 5 min under vacuum atmosphere. In order to ensure the pulsed DC current reached between each
particle, a minimum contact pressure of 5 MPa was applied. This pressure was maintained during the process to
obtain a high heating rate effect on all of the interparticle contact points. In this regard, their application of SPS may
be called partially pressureless SPS. The minimum pressure was applied to enable high heating rates, but further
increase in the pressure was prevented by the T-shaped punches used during sintering. In regular PSPS, DC current
heats the die and the powder is heated only through conduction. Despite the pressure applied, the authors did not
observe any size or shape change in the particles after SPS processing. The obtained porosity ratios were 29.1, 28.7,
and 28.4% for the sintering temperatures of 750, 800, and 850°C, respectively. Increased sintering temperature
resulted in an increase in the final density. Figure 5 shows the porous titanium alloy obtained by PSPS using a T-
shape punch [59].

Bradbury et al. produced SiC—C composites by PSPS using isolative zirconia felts and graphite paper
spacers located between the die and punch faces to obtain a directed current path. They used three different heating
rates (25, 50, and 100°C/min) to reach final sintering temperatures of 1300, 1500, and 1600°C with a holding time
of 15 min. Contact pressure was maintained at 5 MPa throughout the process but was completely supported by the
die rather than exerted on the powder. In their study, SiC nanowires with much greater aspect ratios, higher
productivity, and straighter morphology were obtained using PSPS compared to other methods [55].

PSPS has also been successfully used for the sintering of bioactive glass powders. Bertolla et al. sintered
commercial Bioglass 45S5 powder without pressure with a heating rate of 100°C/min and held at 1050°C for
30 min. They ensured a pressureless condition by using an additional graphite cup inside the regular SPS die
assembly as shown in Fig. 2¢. They placed cold isostatic pressed green bodies with a 13 mm diameter in a 20 mm
die containing a supportive graphite cup with a greater height than the green bodies. Therefore, the minimal
pressure of the regular SPS setup was supported by the additional graphite piece rather than the cold-pressed green
bodies. In their study, PSPS-processed samples were compared with conventionally sintered samples (heat treated
at 1050 °C with a heating rate of 5°C/min). The relative densities of the PSPS-treated samples were found to be
higher than the conventionally sintered samples. The relative densities were 97.6% and 96.5% for PSPS treatment
and conventionally sintered samples, respectively. The increase in density was found to be correlated with the
higher heating rates in PSPS which overcame the second glass transition densification mechanism. The results were
also supported by the observation that higher heating rates broadened the temperature range where viscous flow is
not affected by the structural transformations of Bioglass. Besides the increased density, enhanced mechanical
properties were also observed in PSPS-treated samples compared to conventional sintering. The superior
mechanical properties were linked to the higher density values and fully crystalline fine microstructure of the PSPS-
treated samples [57].

Lin et al. used a PSPS technique for the production of hydroxyapatite (HAP) microchannel structures.
Aligned porous green bodies were fabricated from HAP slurries by dispersing HAP powder in deionized water
followed by a freeze drying process. The HAP slurry was directionally frozen by means of a temperature gradient
induced along a rubber tube which was placed on a copper rod dipped in liquid nitrogen. The directionally frozen
green bodies were then processed by freeze drying at —50°C under 0.6 mbar pressure for 24 h. To prevent damage
to the directional microchannel structures, PSPS was used for further processing at 1300°C for 1 h. They sintered
the samples by PSPS successfully using an initial slurry concentrations of 15, 20, and 25 vol.%. Their results
showed that the density and the compressive strength of the samples increased as the initial slurry concentration
increased. The SEM images of the PSPS-treated samples after compression tests are shown in Fig. 6 [62].

A PSPS technique using a modified die to eliminate the pressure effect during sintering has also been used
for the production of macroporous p-tricalcium phosphate scaffolds for the bone regeneration applications by Zhang
et al. A mixture of B-tricalcium phosphate, polyethylene, and polyvinyl alcohol was pressed uniaxially into a 10 mm
diameter and 8 mm thick puck, then heat treated at 400°C for 2 h. The compacts were presintered and inserted into
the modified SPS die then sintered again at a temperature range of 850-1050°C for different times. They
successfully controlled the porosity range of the compacts in the range of 55-70% with a macropore size of 300—
500 pm. The grain growth of the nanocrystals was inhibited by means of high heating rates between the activated
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Fig. 6. SEM images of HAP samples with a significant amount of pores as a function of different
slurry concentrations: a—b) 15%, ¢—d) 20%, and e—f) 25 vo0l.% slurry concentration [62]

nanoparticles causing enhanced diffusion during PSPS treatment. The SEM images of the macro-scaffolds
compared to conventionally sintered samples are shown in Fig. 7 [63].
Quan et al. used PSPS treatment to produce TicAl,V foams by using a spaced holder die assembly. They

used a conventional SPS setup to prepare a low-density pellet from a mixture of TigAl,V alloy and NaCl particles.

Different weight ratios of NaCl particles were used to obtain different amounts of porosity. They reached a final
temperature of 700°C and held the mixture for 8 min under 50 MPa of external pressure resulting in a disk with a
20 mm diameter and 5-7 mm thickness. The obtained disks with low densities had their NaCl content removed
through dissolution in deionized water at room temperature. Following this treatment, PSPS was used as a post-heat
treatment to ensure adequate consolidation. The PSPS treatment temperature and time were chosen to be 1100°C
and 5 min, respectively. The mixtures containing a different ratio of NaCl particles were placed into the SPS die and
sintered at relatively low temperatures resulting in 47.6, 57.6, 63.9, and 72.5% porosities. When post-heat treated by
PSPS at high temperature, the pellets had final porosities of 44.7, 54.4, 60.7, and 70.0%. Holding the pellets at high
temperatures increased their density by 5.5, 7.5, 8.9, and 9.1%, respectively.
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Fig. 7. SEM images of B-tricalcium phosphate scaffolds sintered by PSPS (a, ¢, and e) and

conventional sintering (b, d, and f). Macropore sizes ranged from 300 to 500 um, which is suitable for

the osteoconduction and bone regeneration. The grain size of the scaffolds is about 200 nm and 1.0 um
for the SPS and conventionally sintered samples, respectively [63]

Figure 8 shows the samples after pellet preparation and after applying post-heat treatment at higher
temperatures by PSPS. From the figure, it is clear that 700°C is not sufficient for densification but adequate for the
preparation of disk-shaped pellets with a porosity level dependent on the NaCl content in the initial powder mixture.
After sintering at high temperatures, most of the micropores had disappeared and densification was ensured with no
change in the pore shape due to not using pressure during SPS [64].

Two-step sintering of alumina powders by PSPS was carried out by Salamon et al. They also applied one-
step sintering to elucidate the microstructure change using PSPS. Firstly, alumina powders were pressed under a
pressure of 250 MPa and subjected to pressureless SPS at 1600°C for 2 min with a heating rate of 50 K/min.
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Fig. 8. SEM images of TigAl,V samples: a) and b) samples were subjected to 700°C treatment with
regular SPS, ¢) and d) were treated at 1100°C with PSPS [64]

Secondly, as a second sintering step, the alumina compacts were regular SPS sintered at 1100°C for 3 min
with a heating rate of 100 K/min under 75 MPa pressure and then subjected to pressureless SPS sintering at 1600°C
for 5 min. Their results showed that the one-step sintered sample had 95% density. After pressureless sintering at
1600°C for 2 min, grain size increased dramatically from 0.15-0.20 um to 6.5 um (Fig. 9a). For two-step sintering,
the sample showed a 70% density with very fine grain size about 0.2 pum after the first stage. After the second stage,
the sample had about the same density as after one-step sintering at 97%. However, the grain size was very fine and
found to be as low as 2.4 um (Fig. 9b) [65].

Fig. 9. SEM images of the fracture surfaces of alumina compacts: a) one-step PSPS at 1600°C for
2 min, b) two-step PSPS at 1600°C for 5 min [65]
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CONCLUSIONS

In this review, we mainly focused on the various applications of PSPS in the literature. Although some
PSPS applications use loose powder as a substrate, a few studies so far have used PSPS as a second step for
presintered compacts. Similar to conventional SPS, the pressureless form is competitive with conventional powder
metallurgical techniques. There are many different uses of PSPS, but most involve porous material production. Two
different routes can be selected for the production of porous structures: using a space holder to support any applied
pressure or consolidation without applying any pressure.

Usage of PSPS usually involves production of porous materials from loose powders with a modified die
assembly which serves as a barrier between the loose powder and the graphite SPS die. Unlike conventional heating
mechanisms, PSPS provides enhanced neck formation by applying higher heating rates, and this is one of the main
advantages of regular SPS. During PSPS treatment, the chosen holding temperature and time play an important role
in controlling the final porosity ratio.

In some applications of PSPS, precompacted samples are inserted in an SPS die. By using this technique,
the density of the compacts can be increased by fast heating without modifying the pore or macroscale structure of
the compacts. The advantage of this approach is that it provides high densification with fine grain structure due to
reaching the maximum sintering temperature in a very short time.

Finally, although there has been limited research on the PSPS technique so far, this study combined many
of them and discussed their results in some detail. It is clear that much like SPS treatment, PSPS will earn more
attention from many researchers and will be found in many different types of applications due to the many
advantages of the pressureless approach.
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