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Tooling in Spark Plasma Sintering Technology:

Design, Optimization, and Application

Alexander M. Laptev,* Martin Bram, Dariusz Garbiec, Jan Rdthel, Antoine van der Laan,
Yannick Beynet, Jens Huber, Matthias Kiister, Marco Cologna, and Olivier Guillon

Spark plasma sintering as the prominent field-assisted sintering technique
(FAST/SPS) is a novel technology for the rapid, pressure-assisted consolidation of
powder materials. The main feature of FAST/SPS is the direct Joule heating of the
applied tooling. Tooling is a challenging part of the FAST/SPS setup, which must
withstand high pressure at elevated temperatures and ensure a uniform
temperature distribution in the sintered part. This review looks at the standard
FAST/SPS tooling, the specific tooling for sintering complex-shaped parts, and
for pressureless sintering. A particular focus lies on graphite, the commonly used
tooling material, and on alternative materials such as steel, alloys, ceramics, and
composites. The review also considers the add-on tooling elements, such as
spacers, foils, and thermal insulation. Furthermore, the article discusses the
basics of FAST/SPS modeling, and the computer-based optimization of
FAST/SPS tooling, the procedure used, and the modeling accuracy. The review
briefly describes the tooling and equipment for manufacturing upsized parts and
large-scale production. In addition, the article considers the tooling for FAST/SPS
sintering under high pressure (up to 1 GPa) and ultra-high pressure (over 1 GPa).
The article concludes with an analysis of the challenges and prospectives for the

combine these operations in one step. The
most common examples are hot isostatic
pressing (HIP) and hot pressing (HP). In
both cases, an external pressure supports
powder forming and sintering. Sintering
by HIP and HP is time-intensive due to
slow radiation heating from the external
thermal elements. HP with inductive heat-
ing enables faster heating. However, the
fixed inductor size limits the tool diameter
and tooling design. An alternative way of
warming up is direct heating by electric
current passing through the tooling and
the sintered part. Literature defines this
type of heating as direct resistive or Joule
heating. Researchers were already using
Joule heating in the 19th century for the
synthesis of ceramics in self-made HP devi-
ces. The commercialization of this process
began in the second half of the 20th century
with the development of special equipment

smart design of FAST/SPS tooling.

1. Introduction

Pressing and sintering are key operations in ceramic and powder
technologies. Pressing and sintering are usually two separate
operations in the processing chain. However, some technologies

in Japan, Germany, and USA. At that time,
HP with direct Joule heating became
known as spark plasma sintering (SPS).
SPS belongs to the family of field-assisted
sintering techniques (FAST). That is why the more appropriate
abbreviation FAST/SPS is nowadays in use. Many reviews
describe the unique features of FAST/SPS technique.'™
However, none of them consider the FAST/SPS tooling in detail.
At the same time, tooling is a central element and the most
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challenging part of the FAST/SPS setup. First, like with HP, a
part of the FAST/SPS tooling has the same temperature as
the sintered powder which can exceed 2000°C. The FAST/
SPS tooling must be able to withstand the applied mechanical
load at this temperature and not react with the sintered powder.
The thermal expansion coefficient (TEC) of the FAST/SPS die
material must be lower than that of the sintered material for
the safe ejection of the sintered part. Moreover, the tool material
must stand thermal shock during the fast cooling of sintered
parts in the FAST/SPS furnace. Second, unlike HP, the
FAST/SPS tooling must be electrically conductive. A significant
difference between HP and FAST/SPS technology is the means
of heating, that is, external heating by radiation from heating
elements with HP and direct resistive heating with FAST/
SPS tooling. In contrasrt to HP, the radiation from the external
tooling surfaces, leads to energy loss and the temperature inho-
mogenity inside the FAST/SPS setup. Thermal insulation and
the optimization of the tooling design can address this
challenge. Another difference between HP and FAST/SPS is
the water cooling of load and current transmitting plungers
(electrodes). Cooling is necessary due to the warming up of elec-
trodes by passing current. The water cooling of the electrodes
reduces the cooling duration in the FAST/SPS cycle and the
entire time of the sintering process. However, the water cooling
leads to a thermal gradient in both the tooling and the sintering
part toward electrodes. Here, the additional thermal insulation
and proper tooling design can reduce the thermal inhomogene-
ity. Finally, the industrialization of FAST/SPS technology
requires a tooling with high productivity, enhanced wear resis-
tance, a long lifetime, good machinability, and a low cost. This
review summarizes the experience in addressing the aforemen-
tioned challenges for FAST/SPS tooling. The article concludes
with an outlook for the smart design and proper application of
FAST/SPS tooling, which is crucially important for the suc-
cess of FAST/SPS technology.
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2. Tooling Design

2.1. Basic Configuration

Figure 1 shows a schematic of a typical FAST/SPS tooling.
The tooling includes two electrically conductive punches and a
electrically conductive or, in rare instances, nonconductive die.
The application of a nonconductive die is possible only at the
sintering of an electrically conductive powder. Two electrically
conductive spacers adapt the size of the tooling to the space
between the water-cooled electrodes. The regular material used
for the punches, die, and spacers is an isostatically pressed graph-
ite. However, the application of metals or ceramics is also possi-
ble. Graphite foils or the foils of other materials, placed between
tool elements and the sintered powder, improve the thermal and
electrical conductivity of contacts. Thermal insulation of the die
(usually with graphite felt) and punches (with carbon fiber-
reinforced composite plates—CFRC) reduces heat loss and
improves the homogeneity of the temperature inside the sintered
part. An airtight chamber in the FAST/SPS device protects the
tooling against oxidation by use of vacuum, argon, or nitrogen
atmosphere. A pyrometer or a thermocouple measures the
temperature at a reference point and sends the input signal to
the proportional-integral-derivative (PID) controller for the tun-
ing of the thermal cycle.

2.2. Tooling for Simple-Shaped Parts

FAST/SPS combines pressing and sintering in one operation.
Pressing entirely determines the final configuration of the sin-
tered product. Sintering merely causes a certain dimensional
shrinkage and densification. Conventional FAST/SPS machines
have a single moving piston design . This configuration assumes
the use of a single-action tooling or a tooling with the floating die
and the production of single-level parts with a fixed cross-section.
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Figure 1. Schematic of a basic FAST/SPS setup and inserted foils. Courtesy

loading system

of European Powder Metallurgy Association.
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Such parts belong either to class I or class II, according to the
classification of the Metal Powder Industries Federation. The typ-
ical representatives of these classes are discs, rings, cylinders,
plates, thin flat gears, and similar shalpes.[5 1 However, sintering
even these simple-shaped parts is challenging if their configura-
tion differs from the thin disc. First, a large height or noncircular
cross-section causes an additional temperature inhomogeneity
inside the sintered part. Optimization of tooling design can solve
this problem. To do so, the application engineers use their expe-
rience and intuition. However, the finite-element method (FEM)-
supported tooling design is more effective approach, especially
for the newly developed parts. Second, sharp edges, such as
in a rectangular part, lead to a stress concentration in the die wall
and frequently to the die fracture. A solution for this problem is
the application of a split die. Figure 2 shows an example of such a
die with four graphite inserts in a graphite holding ring. The
application of this die was the sintering of 100 x 100 x 7 mm?®
tiles from a tungsten alloy used for the protection of the first wall
in a fusion reactor.!® Beside the reduction of die loading, the split
die enables the easy extraction of the sintered tiles from the tool.
However, its application requires additional time and costs for
die manufacturing and the tooling assembling/disassembling
before and after sintering, thus complicating the exploitation.
Third, the FAST/SPS of parts with an internal hole (cylindrical
or others) faces the problem of conflicting requirements for the
TEC of tool materials. The die, punches, and core rod forming
the internal hole, are typically from the identical material (e.g.
graphite) to avoid thermal stresses or the appearance of gaps.
At the same time, the TEC of the sintered material differs from
that of the tooling material. To ensure the easy extraction of the
sintered part, the TEC of the die material must be less than the
TEC of the sintered material. However, the TEC of the core rod
must be higher than that of the sintered part for the safe separa-
tion of the core rod and the sintered product. These require-
ments contradict each other if the materials of the core rod
and the die are the same. Dr. Fritsch (Germany) developed
the Tri-Force system, which can potentially solve this prob-
lem.”® The Tri-Force design includes three hydraulic cylinders
with independently moving pistons. This configuration enables

Cavity with

ﬂili foi

e
Graphite
inserts

Graphite ring

Figure 2. Split die for sintering square parts. Four inserts form the die
cavity. Courtesy of Forschungszentrum Jilich GmbH.
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the ejection of the sintered parts at elevated temperatures i.e.
before cooling. However, only the limited information on the
application of this system is available so far.

Despite the problems mentioned above, the literature provides
examples of FAST/SPS sintering of parts with various single-
level configurations, such as rectangular plates, hollow cylinders,
and thin gears.**%

2.3. Tooling for Complex-Shaped Parts

The synthesis of complex-shaped parts in a standard FAST/SPS
apparatus is a challenging task. The traditional powder metal-
lurgy and ceramic industry applies the special adaptors or multi-
piston systems.””) However, this approach is not feasible with the
up-to-date FAST/SPS equipment with the single-piston design.
The literature offers several papers describing the modification
of FAST/SPS tooling to sinter parts with a complex geometry.
The used approaches fall into five categories: 1) uniaxial loading
in setup with several punches; 2) uniaxial loading using sacrifi-
cial insert; 3) field-assisted die forging; 4) quasi-isostatic pressing
(QIP); and 5) pressure-free sintering.

2.3.1. Uniaxial Loading

The fundamental problem with forming complex-shaped powder
parts by uniaxial pressing is the internal friction in the
powder media. The large internal friction restricts movement
of powder particles in directions other than that of the applied
pressure. Powder densification therefore mainly occurs in the
direction of the acting load. Equation (1) evaluates the relative
density along the corresponding line.

= x@ 1
p=pox (1)

Here py and p are the relative densities before and after com-
paction; hy and h are the heights of an arbitrary position of the
cross-section before and after pressing. With h = hy — Ah, we
get Equation (2).

p:poX(lﬂLATh) (2)

Here, Ah is the displacement of the punch. In a single-punch
tooling, Ah is equal to the displacement of the electrode
(Figure 1). The density of the compact varies across its cross-
section following the change of the height h. If h is not constant,
the density distribution is inhomogeneous. Subsequent sintering
does not significantly change the uniformity of the density.
Maniere et al. credibly demonstrated the large density variation
when sintering of a two-level alumina part in single-punch
FAST/SPS tooling.'”

Several Punches: A solution for homogeneous densification
and sintering of multilevel parts in a regular FAST/SPS equip-
ment is the use of tooling with several punches of different
length. This design enables adjustment of punch displacement
to the end height of the powder part. The density after sintering
becomes homogeneous, if the relation Ah/h is the same across
the entire cross-section (Equation (2)).
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The literature offers a few papers describing the application of
multipunch FAST/SPS tooling. Kubota et al. used double-punch
tooling to sinter a zirconia can."? Voisin et al. achieved homo-
geneous densification using a set of punches with different
length.**! The authors demonstrated the sintering of a turbine
blade made of IRIS (TisgAlisW,NDb,) powder alloy.[”]

Sacrificial Insert: Maniére et al. suggested an interesting
solution for the uniform densification of a two-level part
(Figure 3a)." The authors used a sacrificial insert to compensate
the difference in height along the cross-section. Figure 3b shows
the used setup schematically. The choice of alumina powder for
both the sintered part and the sacrificial ring ensured their identi-
cal initial density and similar densification behavior. The key
parameter in this setup is the height of the sacrificial ring. In accor-
dance with Equation (1), the height ensuring the homogeneous
densification of the entire sintered part is h; = h, — h;. Here
hy is the height sacrificial ring, h, is the total height of the part,
and hs is the height of the flange. Maniére et al. verified this con-
cept experimentally and found the homogeneous density and
microstructure in the sintered part discussed.™® The authors also
admitted the main shortcomings of this approach: the limitation in
the shape complexity of the sintered parts and the material losses
due to the application of a sacrificial insert. The sacrificial insert
was particularly adapted to produce ceramic gears by SPS.

Estournés et al. improved this method using a sacrificial
insert with an imprint mimicking the shape of the sintered
part.’ The authors used the insert made of the same material
as the material of the sintered part. The thin layer of BN depos-
ited by spray or a graphite foil separated the insert and the pow-
der part. This configuration ensures the well-predictable
shrinkage and homogeneous densification of the sintered part
in the regular FAST/SPS tooling. Maniere et al. studied the
application of this technique for manufacturing various
complex-shaped parts including a CoNiCrAlY turbine blade.”!
Recently, Olevsky and Maniere patented an advanced method
for formation of separating interface between sacrificial and sin-
tered powders.'® The method assumes the use of a 3D-printed
polymer shell filled with the sintered powder and embedded in
the sacrificial powder medium. Thermal decomposition of
polymer leads to appearance of a carbonous layer separating
the sacrificial and sintered parts.

Field-Assisted Die Forging: Several papers describe the die
forging of ceramics in a FAST/SPS apparatus. The researchers

(@) (b)
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used different mechanisms enabling the viscous flow in powder
media. Shen et al. forged a conical part from an a-sialon
presintered sample in a graphite die at 1600 °C under a pressure
of 20 MPa.l"”! The a-sialon contained a small amount of viscous
glassy phase, allowing the sliding of ceramic particles in a
die cavity. Jiang et al. described the die forging of the
Al,03-Zr0)-MgAl, O, (AZM) composite at 1150°C under a
pressure of 105 MPa in a graphite tool.”” The authors used a
sintered disc as a starting preform. The final shape included small
dimples with a height of around 1 mm. Jiang et al. attributed the
deformability of AZM to the superplasticity in ceramics.*®*! The
challenges at die forging of ceramics are the low strength of graph-
ite and difficult-to-predict material flow.[” A feasible alternative is
to separate sintering and forging into two subsequent steps. This
technology is known in the literature as FAST-Forge.[?*** The first
step of the FAST-Forge process assumes the consolidation of the
starting powder into a dense billet with a simplified shape. The
second step is the die forging of the powder billet to a near-
net-shape part. Weston, Jackson, and Pope describe the applica-
tion of FAST-Forge for Ti-6Al-4V and other titanium alloys.[?***
The same research group used this technology for recycling of
Ti—6Al4V swarf.*”)

2.3.2. Quasi-Isostatic Pressing

The indirect loading through a granular pressure-transmitting
medium (PTM) is another option for sintering complex-shaped
parts in a standard FAST/SPS tooling. The process is to some
extent similar to HIP used in classical powder metallurgy.
The difference is in the application of a granular medium instead
of gas for pressure transmission (Figure 4a) and in the direct
Joule heating at FAST/SPS instead by radiation at HIP. In con-
trast to gas or liquid, solid particles do not transmit pressure uni-
formly throughout the medium. Therefore, this process becomes
the name quasi-HIP. Quasi-HIP of complex-shaped green parts
in a preheated PTM has been known since the 1970s.12%%7)
However, only several short publications describe this technol-
ogy named it as Ceracon process.”*?* Hocquet et al. adapted
Ceracon technology for FAST/SPS.?” The authors used the laser
machining of presintered Al,0; cylinders and WC-12%Co green
compacts to manufacture complex-shaped preforms. They sin-
tered these parts by FAST/SPS in the graphite or SiC pressure-
transmitting powder bed. Beynet and Epherre (Norimat SAS)

Punch#1

i Powder part

Punch # 2

. Punch#3

I
I
i
j
I
i
i
i
I
i
i
i
i
!’
! Sacrificial insert

Figure 3. a) CAD drawing of two-level part and b) schematic view of FAST/SPS tooling with sacrificial ring: before sintering (left part) and after sintering

(right part).
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Figure 4. a) Schematic view of quasi-HIP in a PTM (dotted area); b) prototype of a turbine wheel shaped by 3D additive printing and sintered by quasi-HIP

in FAST/SPS device. Courtesy of Norimat SAS.

patented the combination of 3D additive printing for
shaping with subsequent sintering in PTM.*!! Figure 4b shows
a prototype of a turbine wheel fabricated using this technology.
The reported final porosity of the SS 316L part was less than 1%.
The problems of quasi-HIP are the nonuniform shrinkage
and the partial sintering of the pressure-transmitting
powder.?>*** The use of preforms with low shrinkage (e.g.,
preliminary sintered parts) addresses the problem of shape dis-
tortion. This approach makes quasi-HIP a suitable alternative to
post-HIPing of additively manufactured shapes. Another
option is FAST/SPS heat treatment without pressurization.
This technique is known as pressure-less or pressure-free
FAST/SPS sintering.

2.3.3. Pressure-Free FAST/SPS

A standard FAST/SPS tooling is easily transformable to tooling
for pressure-free sintering by inserting a spacer between the
upper and lower punches. Figure 5 shows the corresponding
tooling design. Other tooling configurations are also possible.**
This tooling is a kind of mini furnace with resistive heating. The
application of pressure-free FAST/SPS is reasonable when a
small load or contact with the tooling elements leads to the
distortion of the part geometry or properties deterioration. For
instance, Meng et al. used pressure-free FAST/SPS for the sin-
tering of alumina microchannel parts produced by micropowder
injection molding.* The pressure-free sintering preserved the
geometry of channels. Dudina et al. applied this technology for
the fabrication of porous iron aluminide by reactive sintering. In
this paper, pressure-free sintering enabled open porosity.*®
Mishra et al. used pressure-free FAST/SPS in a graphite tooling
to minimize the chemical and electrochemical reduction of
gadolinium-doped ceria (GDC) due to interaction with the graph-
ite electrodes.l*” However, a partial reduction of GDC apparently
by residual carbon monoxide in the graphite tooling was still
present. Dudina and Bokhonov observed similar results for

Adv. Eng. Mater. 2024, 26, 2301391 2301391 (5 of 21)

Figure 5. Schematic view of FAST/SPS tooling for pressure-free sintering:
1—punches (electrodes), 2—spacer (heating element), 3—sintered part,
4—support.

the pressure-free processing of a partially oxidized nickel
powder.® The application of tooling materials alternative to graph-
ite such as metals and alloys, ceramics, and composites can address
this and other challenges of the FAST/SPS technology.

3. Tooling Materials

Tooling is the most challenging element of FAST/SPS units. As a
rule, the temperature of the FAST/SPS die and punches is close
to that of the sintered part. Therefore, the die, punch, and other
tooling materials must meet several specific conditions. 1) Die
and punch materials must withstand the applied pressure at a
specified sintering temperature sometimes exceeding 2200 °C;
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2) All tooling materials must not react with or contaminate the
sintered material in direct or indirect contact with them; 3) The
punches, and, in most cases, the die, must be electrically conduc-
tive up to the sintering temperature. The electrical resistivity of
tooling must be constant or grow with temperature increase to
avoid thermal-electrical runaway. The electrical conductivity of
tooling materials should be in the range of that for graphite to
generate sufficient Joule heat at low voltage and medium current;
4) The tooling materials (excluding thermal insulation) must
have a moderate thermal conductivity ensuring fast heating
and cooling with low thermal gradients and with acceptable heat
loss; 5) The tooling materials must be resistant to thermal shock;
6) The tooling materials should have a low thermal expansion
coefficient enabling easy ejection of sintered parts from the
die; 7) The tooling materials must secure the acceptable change
of clearance between tooling parts during exploitation; and
8) The tooling materials must be available on the market at
an acceptable price.

None of the materials has fully met all these requirements.
The application of graphite offers the best compromise.

3.1. Graphite

Polycrystalline graphite is an electrical conductor with a moder-
ate electrical resistivity in the range of 7.5-30 pQ m.*! Thus, the
graphite parts can serve as heating elements. However, graphite
reacts with oxygen at elevated temperatures. The application of
graphite requires therefore an inert atmosphere or a vacuum
environment. Graphite has moderate strength. However, in con-
trast to most materials, the strength of graphite grows with tem-
perature up to 2500-2700 °C. A further rise in temperature leads
to an abrupt decline in its strength.*”! Beside, graphite is prone
to creep at elevated temperatures.**? This is a crucial point
when setting the FAST/SPS pressure, especially at high-
temperature sintering. The manufacturers offer many grades
of graphite varying in strength, electrical resistivity, thermal con-
ductivity, and other properties. The research application shows
the trend to use a fine-grained, isostatically pressed graphite
with a compressive strength of 170-230 MPa. Table 1
summarizes some characteristics of these grades reported by
manufacturers."*™*¢ However, high-strength grades of graph-
ite are extremely expensive. Industry prefers therefore cheaper
grades with a lower strength. Accordingly, the usually recom-
mended FAST/SPS pressure is between 30 and 50 MPa.
Graphite has moderate thermal conductivity and thermal

Table 1. Properties of high-strength graphite at room temperature. [~

www.aem-journal.com

diffusivity. Therefore, graphite heats up rapidly and cools down
relatively fast with low thermal gradients. Heating of the graphite
tooling is not energy consuming due to the low volumetric heat
capacity of graphite. At the same time, graphite is an active reduc-
tant and carbide former reacting with many materials (W, Mo, Ti,
oxides) at elevated temperatures.*’~**) The reactivity of graphite
is a crucia point when setting the FAST/SPS thermal cycle.
Graphite has a low friction coefficient but also a low wear resis-
tance. Machining of graphite is easy but produces the fine dust.
Graphite dust is hazardous and prone to fire and explosion. The
employed lathe or milling machine must therefore have a dust
collection system. The application of metallic and ceramic FAST/
SPS tooling addresses some problems associated with graphite.

3.2. Steels and Alloys

Hot work tool steel is an option for manufacturing nongraphite
FAST/SPS tooling. Within this class of steels, the preferred
grades are those developed for long contact with hot surfaces e.g.
during extrusion or die casting. Examples are QRO-90 Supreme
(Uddeholm, Sweden), W-302 Isobloc (DIN 1.2344, AISI H13),
and W-360 Isobloc (Bohler, Austria) steels. Table 2 presents the
chemical composition of these steels reported by suppliers.>%>?
Table 3 compares the physical properties of W-360 steel with
those of R7710 graphite at room temperature. In contrast to brit-
tle graphite, steel is a ductile material with high strength at room
temperature. However, the strength of the steels sharply
decreases with temperature increase. Besides, the steels are
prone to creep at elevated temperatures. The application area of
steels is therefore below a temperature of around 550-600 °C.
However, the steels allow a pressure of several hundred MPa
at these temperatures. The drawback of steels is their low elec-
trical resistivity, which can lead to an enhanced energy loss in the
electrical circuit. Another drawback of tool steels is their low ther-
mal conductivity and thermal diffusivity compared to graphite.

Table 2. Chemical composition of hot work tool steels used in FAST/SPS

tooling.P%>2

Steel C Si Mn Cr Mo \%
QRO 90 Supreme 0.38 0.30 0.75 2.6 2.25 0.90
W-302 Isobloc 0.39 0.90 0.40 52 1.40 0.95
W-360 Isobloc 0.50 0.20 0.25 4.5 3.00 0.60

Table 3. Physical properties (RT) of steel, Ni, and Mo alloys versus
properties of R7710 graphite.l*°%3%142

Manufacturer, grade SGL POCO Mersen  Schunk

R7710 ZXF-5Q 2334 FE 879 Material W-360 Inco 718 TZM R7710
Density [g cm’B] 1.88 1.78 1.84 1.84 Density [gcm 7.81 8.26 10.22 1.88
Electrical resistivity [pQ m] 13 19.5 20 25 Electrical resistivity [pQ m] 0.59 1.18 0.05 13
Thermal conductivity [W m~' K] 105 70 70 50 Specific heat capacity [J g~ K] 0.43 0.46 0.25 0.72
Modul of elasticity [GPa] 13.5 14.5 16 N/A Thermal conductivity [Wm™" K™'] 30.8 11.5 122 105
Flexural strength [MPa] 85 112 55 80 Thermal diffusivity [mm?s™"] 9.17 3.03 47.7 77.6
Compressive strength [MPa] 170 175 230 200 Modulus of elasticity [GPa] 212 204 335 13.5
TEC107° [K ] 4.7 8.1 6.0 5.2 TEC107® [K] 10.8 14.1 5.2 4.7
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This leads to the prolonged heating and cooling of the steel tool-
ing. Heating of a steel tooling requires more energy compared to
a graphite tooling with the same geometry. The reason for that is
the higher volumetric heat capacity of tool steels compared to that
of graphite. The steel elements conducting electrical current
(e.g., punches and die) require a separating layer between them
to prevent their welding. The literature describes some examples
of steel tooling application for low-temperature sintering of Al
alloys and ZnO. Section 7.1 considers this topic in more detail.

Ni-based superalloy is another option for FAST/SPS tooling.
The inexpensive Inconel alloy 718 allows the use at temperatures
of up to 700-750°C. The more expensive Inconel 100 alloy
or Astroloy alloy are applicable at temperatures of up to
900-950 °C. The drawbacks of nickel-based alloys are the same
as that of hot work tool steels. Their electrical resistivity is higher
than that of steel, but several times lower than the resistivity of
graphite (Table 3). The thermal conductivity and thermal diffu-
sivity of Ni-based superalloys are nearly three times lower than
those of W-360 steel. The heating and cooling of the superalloy-
based FAST/SPS tooling thus requires more time than the steel-
based tooling. The Ni-based superalloys are also more difficult
for machining compared with the steels. At present, the literature
offers only limited information about the application of nickel
superalloys in FAST/SPS tooling (see Section 7.1).

The molybdenum-based alloy TZM (0.5% Ti, 0.08% Zr, 0.03%
C) is applicable at temperatures of up to 1100-1150 °C. TZM has
a larger strength than the pure molybdenum and exhibits a
higher recrystallization temperature (about 1400 °C) with better
creep resistance.”* The shortcoming of TZM is the low electrical
resistivity. The thermal conductivity and thermal diffusivity
of TZM are comparable with those of graphite (Table 3).
However, TZM is ~10 times more expensive than Inconel
718. Section 7.1 considers several examples of TZM application in
FAST/SPS tooling.

3.3. Ceramics and Composites

3.3.1. Ceramics

The literature describes examples of using conductive and non-
conductive ceramics in FAST/SPS tooling (see Section 7.1).
Table 4 presents the physical properties of these ceramics at

www.aem-journal.com

room temperature. The binderless tungsten carbide (WC)
possesses the electrical resistivity which is lower than that of
W-360 steel and Inconel 718, but higher than the TZM alloy.
However, the electrical resistivity of WC is around 60 times lower
than the resistivity of R7710 graphite, and this is not optimal for
heat generation. The thermal conductivity and thermal diffusivity
of WC is higher than that of W-360 tool steel and Inconel 718, but
lower than the conductivity and diffusivity of TZM and R7710
graphite. The upper-temperature limit for WC application has
not been clear so far, but according to Aalund, it is around
1680 °C (0.6 of melting point in °C).>* Silvestroni et al., reported
for binderless WC a flexural strength of 1 GPa at 1500 °C.°>!
Another ceramic material used in FAST/SPS tooling is silicon
carbide (SiC). Silicon carbide is a semiconductor with electrical
resistivity varying from that of graphite up to resistivity typical for
insulating ceramics (Table 4). The electrical conductivity of SiC
depends on the doping with boron, aluminum, or nitrogen, but
in most cases, SiC tends to be an insulator. SiC is applicable as a
die material in a regular FAST/SPS setup if the sintered material
is electrically conductive. However, a special tooling design
(discussed in Section 7.1) enables the use of punches manufac-
tured from SiC ceramic as well. The thermal conductivity, ther-
mal diffusivity, volumetric specific heat capacity, and flexural
strength of «-SiC are slightly below that of binderless WC.
SiC maintains the high flexural strength up to 1500 °C.%
Munro reported a flexural strength of 446 MPa for o-SiC at this
temperature.””) However, the strength of SiC significantly
depends on the production route used by the manufacturer.
Leipold recommends the application of SiC punches in HP tool
up to 1400°C.”®¥ Boron carbide (B4C) is another prospective
material for FAST/SPS tooling. At room temperature, B,C has
thermal and mechanical properties identical to that of silicon car-
bide. At the same time, the electrical resistivity of B4C is much
larger than the electrical resistivity of graphite (Table 4). B,C
maintains a flexural strength of 400-600 MPa up to 1600 °C.""!

The common shortcomings of ceramic tools are their brittle-
ness, high cost, and pure machinability. The brittleness of
ceramics restricts their application for the punches loaded by
compressive pressure. The tensile stresses in a die can lead to
its catastrophic failure due to the low tensile strength of
ceramics. The brittleness of ceramics results in enhanced
requirements regarding the parallelism of the punch ends and

Table 4. Physical properties of some ceramics and composites at room temperature.

Material WC['IA},'IAA] WC_GCO[G'I,'IAS,MS] (X-SiC[57] B4C[143] CFRCa)[67]
Density [g cm ] 15.8 14.9 3.16 2.52 1.6
Electrical resistivity [UQ m] 0.22 0.2 15-10"*3 10°-10° 12316
Specific heat [J g™ K] 0.20 0.213 0.715 1.011 0.5937%
Therm. cond. [Wm™ 'K ™| 63 80 114 30 5701
Therm. diffusivity [mm?s~] 19.6 25.2 18.5 11.8 N/A
Flexural strength [MPa] 550 2000 359 310047 230"
Fracture toughness [MPam'/] 5.8 9.6 3.1 3.27047 N/A
Modulus of elasticity [GPa] 620-720 590 415 45001471 75"
TEC107° [K™] 5.2 5.0 5.12 43 7.3

JPerpendicular to alignment of fibers; ®Parallel to alignment of fibers. The grade Premium, SGL Carbon, Germany.
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the entire loading system.* In addition, high heating and cool-
ing rates, that are typical for FAST/SPS, can cause significant
thermal stresses and failure of the ceramics due to their limited
resistance to thermal shock. Although ceramics are low-reactive
materials, their chemical interaction with sintered materials is
possible. For instance, WC intensively reacts with Ti forming
(W, Ti)C carbides.”!

3.3.2. Composites

There are three reasons to use composites in FAST/SPS tooling:
1) to reduce ceramic brittleness; 2) to increase the electrical
conductivity of the ceramics; and 3) to enhance fracture strength
(for graphite-based composites). The application of cemented
carbides, particularly WC-Co, addresses the first challenge
(Section 7.1). The addition of cobalt to WC drastically increases
the flexural strength and significantly enhances the fracture
toughness of the WC—Co composite (Table 4). At the same time,
the relatively low melting point of Co (1495 °C) restricts the appli-
cation of the WC~Co composite to 1000-1050 °C.I°"! The addition
of a conductive filler to a nonconductive ceramic can address the
second challenge (lack of electrical conductivity). The literature
offers many options for fillers such as electrically conductive
ceramics, carbon fibers, or carbon nanotubes.>*! However,
little information is available regarding the application of
such composites in FAST/SPS tooling. Rithel et al., added a
graphite filler to WC and B,C ceramics, aiming to tailor their
electrical conductivity. The authors achieved a resistivity of
0.94-1.3pQm for a WC-C composite and 8.0pQm for a
B,C—C composite.*! Unfortunately, the paper reported neither
the chemical composition of FAST/SPS-synthesized materials
nor their mechanical properties. Application of a special grade
of graphite (as discussed in Section 3.1) or use of a graphite-
based composite can address the third challenge (enhancement
of graphite strength). One option is the application of CFRC, also
known as carbon/carbon or C/C composite. The reinforcing
phase in the pyrolytic graphite matrix is the wound carbon fila-
ments (for CFRC cylinders) or a carbon cloth (for CFRC plates).
CFRC composites are highly resistant to thermal gradients and
thermal cycling. In a protective atmosphere, CFRCs retain their
strength up to and above 2000 °C.[”) CFRCs are highly aniso-
tropic in terms of thermal, electrical, and mechanical properties.
The properties of CFRCs may vary over a wide range depending
on the volumetric fraction of the reinforcer, the properties of the
fiber and matrix, and the bonding between them.®® Table 5
presents the physical properties of CFRC produced at SGL
Carbon (Germany).*”**7% The electrical resistivity of this
CFRC perpendicular to the alignment of the fibers is ~10 times
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higher than that of R7710 graphite. However, this resistivity is
low enough to enable the passing of a high-intensity current
at a low voltage typical for FAST/SPS. The thermal conductivity
of CFRC in this direction is significantly lower than that of R7710
graphite. Therefore, FAST/SPS tooling uses CFRC plates for
thermal insulation (Section 4.3). The tensile strength of CFRC
in the direction parallel to the alignment of the fibers is about
400 MPa.*”) The use of a CFRC cylinder for die thus appears
to be reasonable. The compressive strength of CFRCs perpendic-
ular to the alignment of the fibers is crucial to their application as
punches. The manufacturers do not provide the values. However,
Zheng et al., reported the application of a CFRC mold for the
sintering of TaC at 2000°C with a pressure of 200 MPa.”"
The shortcomings of CFRC are the high price and the low wear
resistance.

4. Foils and Coatings, Insulation, Spacers

During FAST/SPS, not only the sintered material but also die
and punches are at an elevated temperature. Therefore, the
mechanical and chemical interaction between the sintered mate-
rial and the tooling elements is a matter of consideration.
Moreover, an elevated temperature of tool elements leads to heat
loss due to radiation from the external surfaces and also to heat
transfer toward the water-cooled electrodes. The application of
separating foils, coatings, and thermal insulation addresses these
problems.

4.1. Foils

The insertion of foils between the sintered material and the tool
elements (Figure 1) improves the electrical and thermal contact
of interfaces, creates the diffusion barrier, and protects the tool-
ing surfaces from adhesion to the sintered material and mechan-
ical damage. The foils must be soft, sufficiently thick, chemically
inert, and easy to remove after sintering. Graphite foils meet
most of these requirements. They are well-compressible, avail-
able in varying thicknesses, do not interact with graphite tooling,
and are easy to remove by grinding, annealing in air, or sand-
blasting. Table 5 presents some properties of a typical graphite
foil [43.70.72.73]

The graphite foil is a strongly anisotropic material. The foil
thermal conductivity in plane (=) is slightly higher than that
of R7710 graphite, and through the plane (1) it is as low as
the thermal conductivity of zirconia. The electrical resistivity
of graphite foil in plane is comparable to that of R7710 graphite,
and through the plane it is much higher than the resistivity of

Table 5. Material data of graphite and graphite-based materials (all from SGL carbon) at room temperature.

Material Grade Thickness [mm] Electrical resistivity [Q mm] Thermal conductivity [Wm ™' K]~
_ L = 1 =

Graphitel**! R7710 - 13 105

Graphite foil”? TH 0.15-1 700 1 5 220

Graphite felt”®! GFA10 9-10 3-4 1.5-2.5 0.05

CFRC? 1501G 1.2-15 123 24 5 25
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R7710 graphite. Graphite foil is inexpensive and easy in use. In
some cases, graphite foil reacts with sintered material. A practical
alternative might be the mica foil. Depending on the type, mica
foil is usable in a temperature range from 650 to 1200 °C. Mica is
an electrical insulator with the low thermal conductivity (below
0.5 W m™"'°C™"). The application of mica foil is therefore mainly
suitable for sintering nonconductive materials. For example,
Thrig et al. used mica foil for the sintering of an electrochemical
half-cell containing a LiCoO, layer which is prone to reduction by
graphite.[m The use of refractory foils (W, Mo, Nb, or Ta) is effec-
tive for sintering at elevated temperatures.”>~’® However, these
foils are expensive, not easy in handle, and tend to interact or
weld with many sintered materials.

4.2. Coatings

An alternative approach to the separation of interfaces in FAS/
SPS tooling is the coating by spraying or brushing. The most
common coatings in FAST/SPS practice are suspensions of hex-
agonal boron nitride (h-BN) or colloidal graphite. h-BN is a well-
known lubricant and a barrier-building agent used in many
industries. h-BN is an electrical insulator, which can change
the current path.”” The tooling exploitation must consider this
issue. In particular, the h-BN coating of a graphite mold creates a
nonconductive layer. The maximum temperature for the applica-
tion of h-BN (limited by decomposition) in a vacuum and reduc-
ing atmosphere is around 1400 °C. The research practice widely
uses aerosol coating of graphite foil by h-BN spraying. In certain
cases, colloidal graphite spraying can replace the graphite foil.
The colloidal graphite does not significantly alter the electrical
conductivity of the FAST/SPS tool. At the same time, it does
not prevent a possible reaction with graphite or the carbon dif-
fusion into the sintered material. A solution might be the use of
graphite foil coated with a nonreactive conductive material.®”
However, even in such a case, the reducing environment inside
the FAST/SPS die cannot fully exclude the interaction of the sin-
tered material with carbon monoxide or CO,.[?!

4.3. Thermal Insulation

In general, the FAST/SPS tooling is a kind of furnace with direct
resistive heating. It is well-known that the effective exploitation of
any furnace requires a proper thermal insulation. FAST/SPS
utilizes two kinds of thermal insulation (Figure 1). The first is
the graphite felt wrapped around the external die surface. The
second is the CFRC inserts between the FAST/SPS tooling
and the water-cooled electrodes.

4.3.1. Graphite Felt

The insulation of the FAST/SPS tooling with graphite felt dras-
tically reduces radiation from the heat-emitting surfaces. The low
thermal conductivity of graphite felt (Table 5) results in the sig-
nificant reduction of temperature of the external tooling surfaces.
The effectiveness of thermal insulation grows with increasing
sintering temperature according to the Stefan-Boltzmann law.

Adv. Eng. Mater. 2024, 26, 2301391 2301391 (9 of 21)
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Here, g, is the heat flux due to radiation, ¢ is the emissivity, o is
the Stefan—Boltzmann constant, and Ty is the temperature of the
radiating surface. It is worth noting that the large emissivity of
graphite (around 0.8-0.9) results in the enhanced heat release.
The experiments by Laptev et al., reveal a decrease in heating
power of around 50% during sintering at 1375 °C after insulation
of FAST/SPS tooling with graphite felt.®"] The thermal insula-
tion is especially important when sintering in large molds and
when the required sintering power approaches the limit of the
power source. In addition, the thermal insulation significantly
improves temperature homogeneity in the sintered part.®"

4.3.2. CFRC

Typical CFRC insulation is a plate with low thermal conductivity
(Table 5). The insertion of such a plate between the FAST/SPS
tooling and the water-cooled electrode reduces the heat flux
toward the electrodes. This measure may reduce the energy loss,
which can be crucial when sintering in a large mold. In addition,
the application of a CFRC insulation significantly reduces the
thermal gradient along the vertical axis of the tooling.*” This
is important when sintering parts with a large height or sintering
in multiple tools with vertically stacked layers. However, CFRC
has a high electrical resistivity and therefore generates unused
heat. The application of a CFRC insulation thus requires careful
consideration. The FEM modeling of temperature inside the
FAST/SPS setup is a good approach for the final decision.

4.4. Spacers

Spacers are the elements of the FAST/SPS tooling separating the
punches and the water-cooled electrodes (Figure 1). Spacers
are usually conical but can be also cylindrical or rectangular.
The spacer material is typically graphite, and sometimes metal
(e.g., steel, TZM), or CFRC.B'®3 The geometry and material
of the spacers significantly influence the temperature gradient
toward the water-cooled electrodes. The proper spacer design
often requires the FEM-based analysis .

5. Modeling and Optimization

An optimized tooling design is essential to the successful appli-
cation of FAST/SPS technology. An unsuitable tooling design
leads to an inhomogeneous sintering, enhanced energy con-
sumption, overheating of the electrodes and the transformer,
a long cooling time, the fracture of the tooling, and other tech-
nical and economic problems. The design of the FAST/SPS tool-
ing is frequently based on previous experience, engineering
intuition, or on the recommendations of manufacturers of
FAST/SPS equipment. This approach works well for sintering
small samples in a laboratory or at regular production.
However, it becomes inefficient when upsizing or upscaling
FAST/SPS production. The substantial number of factors influ-
encing the FAST/SPS process makes the proper tooling design
difficult without preliminary theoretical analysis. The numerical
FEM modeling of FAST/SPS tooling can address this
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challenge.®*#! FEM modeling finds nowadays wide application
in research and industry to understand, develop, and optimize
the FAST/SPS process and tooling.

5.1. Basics

Theoretical analysis enables numerical evaluation of thermal,
electrical, and mechanical field variables inside a FAST/SPS
setup (tooling and sintered part). When the goal of the investi-
gation is temperature distribution at the end of densification, the
modeling focuses on the thermal and electrical variables. FAST/
SPS modeling uses the fundamental laws of physics and requires
knowledge of the related material properties (Table 6). The mate-
rial properties must consider the influence of temperature and
porosity (for sintered parts). The FAST/SPS model also includes
the thermal and electrical resistance of contacts between the tool-
ing elements and the sintered part. Modeling of the electrical
field evaluates the current density distribution and the associated
heat generation. Modeling of the thermal field provides the
temperature distribution inside the FAST/SPS tooling and the
sintered part. Modeling of the mechanical field predicts the den-
sification of the sintered part, the punch displacement, and the
stress distribution inside the FAST/SPS setup. The simulation of
powder densification uses as a rule either the Skorokhod-
Olevsky model®®#”! or the Abouaf model® both describing sin-
tering as the viscous flow of porous solids. These models are a
modification of the classical von Mises theory of plasticity.®%*"
The Skorokhod—Olevsky and Abouaf models consider the vol-
ume change by two independent functions of porosity. The main
difference between the Skorokhod-Olevsky and Abouaf
approaches is in the determination of porosity functions. The
Skorokhod—Olevsky model uses the porosity functions fixed
for all types of powder material. In contrast, the Abouaf model
assumes the finding of these functions from special experiments.
Both models describe the rheological behavior of material with
Norton’s creep law.”!! This requires the experimental identifica-
tion of creep parameters.’*>* The more sophisticated
models consider grain growth, which affects the densification
mechanisms—especially at the end stage of sintering.[®”#%7°]
Several papers describe the basics of FAST/SPS modeling
in detail.®*'% The verification of mechanical stability of
FAST/SPS tooling is a less complicated task requiring solution
of the regular thermoelastic problem.
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5.2. Procedure

Typicaly the FAST/SPS modeling uses a FEM software such as
ANSYS, ABAQUS, or COMSOL. These packages enable the
numerical solution of coupled thermo—electric-mechanical prob-
lems. Recently, the Norimat company in France developed a spe-
cial application for FAST/SPS modeling named Engemini.l'")
The modeling includes several steps: 1) the programming of
geometry for the FAST/SPS setup or its import from a CAD
program; 2) the definition of properties (Table 6) for all tooling
elements and the sintered part or their import from a database;
3) the definition contact properties; 4) the meshing of setup parts
and contacts; 5) the setting-up of initial conditions, for example,
starting temperature; 6) the application of boundary conditions
such as heat emission from outer surfaces and heat transfer
toward water-cooled electrodes; 7) the application of load
(current, voltage, external pressure, punch displacement);
8) the solution of the problem using a virtual PID controller
which adjusts the prescribed temperature profile in a reference
point®1°%; and 9) the visualization of results. Two types of
visualizations are available: the contours showing the distribu-
tion of output variables at a certain time point, or the graphs
presenting the development of output variables in a specified
point over time.

5.3. Accuracy

Accuracy in determining the output parameters is a crucial
issue in modeling. Accurate modeling assumes the use
of adequate physical and mathematical models, justified
assumptions, carefully defined material properties, and proper
boundary conditions. Many researchers verified the modeled
temperatures in the FAST/SPS tooling meassuring the
temperature by thermocouples and pyrometers.[°®1931%4 Other
authors examined the modeled temperature in the sintered parts
by investigating the hardness or microstructure distribu-
tion.'*'*%! The comparison has always shown a reasonable
agreement between the modeled and the measured
data. Fewer papers examined the modeled current, voltage,
and electric power.[*19371%] [ aptev et al., observed a good accu-
racy for modeling of electrical current and a lower accuracy for
voltage modeling.'*”!

Table 6. Physical phenomena, related laws, required properties, and output for FAST/SPS modeling.

Field Phenomenon Law Properties Output
Thermal Conduction Fourier’s law Specific heat capacity, thermal conductivity Temperature
Radiation Stefan—Boltzmann law Emissivity
Convection Newton’s law Heat transfer coefficient
Electrical Conduction Faraday’s law Electrical conductivity Current, voltage, power
Heat generation Joule's law
Mechanical Elastic deformation Young's law Elastic modulus Stress, displacement, density

Viscous flow ¥ Norton’s law 2

Thermal expansion

Viscosity ¥
TEC®

AFor sintered part; P TEC = thermal expansion coefficient.
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5.4. Examples

Typical application of FAST/SPS modeling is the optimization of
tooling design aiming at a desired temperature distribution
within the sintered part. The usual goal is the homogeneous tem-
perature. However, in certain cases, a temperature gradient is
required. An example of FAST/SPS is the sintering of function-
ally graded parts/materials (FGMs).""%”~'% The tooling optimiza-
tion includes several steps. The first step is the temperature
simulation with the starting setup geometry. This stage provides
initial information about the temperature distribution in the sin-
tered part. Figure 6 shows an example of such a modeling
(Engemini software) for the final dwell at sintering of 316L
and SiC discs with a diameter of 50 mm. The SiC disc has a
smaller thermal gradient than that of the 316L disc (19 vs.
47 °C). The center of the 316L disc is hotter than the edge, while
the center of the SiC disc is colder than the edge.

The second step of modeling considers the application of ther-
mal insulation for the reduction of thermal gradients. The use of
thermal insulation is beneficial in this respect, but the insulation
increases the cooling time. Wrapping a graphite felt around the
die reduces the surface temperature, radiation heat loss, and the
radial thermal gradient®®% The inlay of the CFRC plate
between the water-cooled electrodes and the spacer reduces
the flow of heat toward the electrodes and the axial thermal gra-
dients.[°” Figure 7 demonstrates the effect of thermal insulation
predicted by simulating the temperature field in a 150 mm SiC
disc. The use of thermal insulation (graphite felt and CFRC
plates) reduces the maximum temperature difference by more
than twice during dwell at 1800 °C. However, the temperature
gradient is still too high.

The subsequent optimization of tooling geometry (third
step of modeling) drastically reduces the temperature
inhomogeneity.®"''% Figure 8 shows that the temperature

(a) (b)
RAM covers

Spacers

Control
temperature <+<— mold

sample

-20

punch —

" 316L stainless steel ———
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difference in the SiC disc declines from 123 to 11 °C after optimi-
zation of the height and wall thickness of the graphite die (mold).

6. Tooling for Upsizing and Upscaling

Most literature sources describe the application of FAST/SPS in
research. However, industry also applied FAST/SPS technology
for decades. The transition from research to industrial produc-
tion usually raises two important aspects: 1) an increase in
the size of sintered products (upsizing) and 2) an increase in
FAST/SPS productivity (upscaling). Both are closely related to
the design of FAST/SPS equipment and the automation of
the entire process. Upsizing and upscaling also require the
special tooling design.

6.1. Upsizing

The upsizing of FAST/SPS technology often faces a few specific
challenges, such as insufficient power of equipment, a long cool-
ing time, inhomogeneous heating of sintered parts, and high
tooling costs. Over the last two decades, industry shows a ten-
dency toward manufacturing large FAST/SPS devices. Table 7
presents the series of direct current sintering (DCS) units offered
by Thermal Technology LLC (USA). The DCS 500 and DCS 800
furnaces enable the sintering of parts up to 560 mm in size.
These are the world’s largest FAST/SPS devices. The size of
sintered products depends on the requested sintering
temperature.''"! In reality, the main factor restricting the size
of the sintered parts and the heating rate is the capability of the
power source. The application of gas quenching in the sintering
chamber reduces the cooling time.''? The more radical way of
reducing the cooling duration is to use an external
cooling chamber. Proper thermal insulation and a FEM-based

1o mm Temperature
N °C)

11120

1110

AT=47°C

-10 °

mm

\, 3 1100

5 1090

g 1080

= 1070

O mm 1060
SiC

AT=19°C

. ¢ engemini

Figure 6. Simulated temperature distribution during dwell at 1100 °C: a) Reference 50 mm tooling. b) 316L disc and c) silicon carbide disc. Courtesy of

Norimat SAS.
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Figure 7. Influence of thermal insulation on temperature distribution in a 150 mm SiC disc during dwell at 1800 °C. a,c) Reference tooling (without

insulation). b,d) Tooling with thermal insulation. Courtesy of Norimat SAS.
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Table 7. DCS units offered by Thermal Technology LLC (USA).'™

Model Force [kN] Current [kA] Typical part size [mm]
DCS 10 100 5 10-50
DCS 25 250 10 10-100
DCS 50 500 20 30-150
DCS 100 1000 30 50-200
DCS 200 2000 50 50-300
DCS 500 5000 150 100-560
DCS 800 8000 150 100-560

optimization of the tooling design might significantly reduce
power/energy consumption and improve the temperature uni-
formity inside the sintered part.®"! Another means of reducing
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Figure 8. a) Reference and b) geometrically optimized mold with temperature distribution in a SiC sample during a dwell at 1800 °C. Courtesy of Norimat SAS.

the temperature gradients is the application of additional induc-
tive heating as in a hybrid FAST/SPS unit developed by FCT
Systeme (Germany).'"* The largest H-HP D 400 hybrid
furnace enables the sintering of components with a diameter
of up to 400-450 mm."****3) The application of less-expensive
graphite grades and changeable inserts reduces the excessive
costs of large FAST/SPS tooling.

6.2. Upscaling

The literature often considers FAST/SPS as a highly-productive
technology. However, this statement is only partly true. Indeed,
the heating and holding time at the sintering is only a few
minutes, but the FAST/SPS process also includes filling the
die, evacuation of the sintering chamber, and cooling. Even in a
research-oriented device, the total duration of one FAST/SPS

© 2023 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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cycle is around 1 h. In most cases, the sintering of only one piece
per cycle is inefficient for industry. The obvious solution is to
sinter as many parts as possible in one run. This is feasible when
sintering of cold-pressed powder compacts in a vertically aligned
stack (1D), or in multiple dies located in a horizontal plane (2D),
or in a tooling combining both these options (3D). Figure 9a
shows a schematic of a vertical stack with six powder preforms
separated by the graphite inserts, and Figure 9b presents a view
of such a stack used for sintering brake pads. Mechanical stability
and temperature gradient toward the water-cooled electrodes
limit the height of the column. Three thermocouples in
Figure 9b control the temperature in various parts of the stack.
Sintering in a vertical column is especially appropriate for flat
powder parts. The use of a die can be avoided if all components
in the stack are electrically conductive.

Figure 10a shows a schematic of a setup with multiple dies
located in a horizontal plane. This setup is well suited for sinter-
ing small and medium powder parts with different configura-
tions. However, after damage of just one die, the entire setup
becomes unusable. The application of several small setups with
a reduced number of dies addresses this shortcoming. For
instance, Dr. Fritsch GmbH uses steel frames to clamp multiple

(@)

1- Die

Sintered
" part

- Separator

www.aem-journal.com

dies in one set, which also eases the movement of tooling by
manipulator in authomated line (Figure 10D).

Figure 11a shows a schematic view of an assembly of several
dies placed in two layers with a separator in between. In practice,
3D stacks are much larger. Figure 11b shows a stack of brake
pads before sintering. In this case, the use of a die is not
required, and the graphite plates replace the punches. The
extended area of electrodes is beneficial for the mechanical sta-
bility of the stack and for the uniform current and temperature
distribution. Dr. Fritsch GmbH addresses this issue using large
graphite electrodes in their FAST/SPS facilities. For instance, the
largest device, MSP 5 (5 MN), has the 450 x 450 x 100 mm®
graphite electrodes.''®

The cooling is usually the longest segment of the FAST/SPS
cycle. Therefore, the large-scale production uses the special
cooling units located outside the FAST/SPS device. Hereat,
the cooling chamber is connected to the FAST/SPS furnace or
integrated into a semiautomated line as it is schematically shown
in Figure 12 (Sinter Land Inc. (Japan)). To the best of our knowl-
edge, this is the world’s largest semiautomated FAST/SPS line.
The line uses a special pallet-type conveyor system for transfer-
ring sintered parts between line units. The sintering furnace

Figure 9. Setup for sintering several preforms in a column. a) Schematic view. b) Setup for sintering brake pads. Courtesy of Dr. Fritsch Sondermaschinen

GmbH.

Figure 10. Setup for sintering powder preforms in a multiple die system. a) Cross-section and top view without punches (schematic view). b) Set of

multiple dies clamped in a steel frame. Courtesy of Dr. Fritsch Sondermaschinen GmbH.
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Figure 11. Setup for sintering several preforms in a stack. a) Schematic view. b) Stack of brake pads. Courtesy of Dr. Fritsch Sondermaschinen GmbH.

enables a maximum pressure of 6 MN with a maximum current
of 40kA.")

7. Tooling for High-Pressure FAST/SPS

The reliable use of FAST/SPS graphite tooling is below 100 MPa.
However, the FAST/SPS sintering of certain materials
(e.g., transparent ceramics) requires a higher pressure. The
use of a graphite grade with an enhanced compressive strength
or metallic and ceramic materials can address this issue. This
approach is applicable up to a pressure of around 1 GPa. The
FAST/SPS community defines sintering with a pressure from
0.1 to 1GPa as high-pressure FAST/SPS (HP FAST/SPS).
Sintering with a pressure of above 1GPa refers to ultrahigh-
pressure FAST/SPS (UHP FAST/SPS). The UHP FAST/SPS
is possible only with a special tooling design.

7.1. High-Pressure FAST/SPS

The simplest way of increasing pressure during FAST/SPS is to
use a tooling material with a compressive strength higher than
that of regular graphite. Practicable options include the use of
special grade graphite, tool steels, superalloys, refractory metals,
ceramics, or composites. The application area of these materials

Pre-heating stage  Sintering stage

Vacuum exhausting stage

depends on sintering temperature, applied load, and other
parameters discussed in Section 3.

The literature describes the use of high-strength materials in
two types of HP FAST/SPS tooling. The first one is a geometri-
cally regular FAST/SPS tooling (Figure 1) but with all or crucial
elements made of a material stronger than graphite. In all cases,
the punches must be electrically conductive. The die must be
conductive when sintering nonconductive powder and can be
nonconductive when sintering electrically conductive powder.
Sastry et al., used a standard tooling made of QRO 90 hot work
tool steel for the FAST/SPS of Al-Si-Fe-X powders at
temperatures up to 500°C and pressures up to 283 MPa.l''®
Gonzalez-Julian et al., performed “cold” FAST/SPS sintering
of ZnO nanocrystalline powder at a temperature of 250°C
and a pressure of 300 MPa using a tooling made of W360 tool
steel.®?] Ghasali et al., applied an Inconel 718 tooling for the
FAST/SPS sintering of Al-VC nanocomposites at a temperature
of 220°C and a pressure of 300 MPa.l'*”! These data reveal that
the FAST/SPS technology does not fully use the potential of
steels and superalloys (Section 3). The application of WC-Co
tooling enables higher FAST/SPS pressure. Bustillos et al.
achieved the full densification of Ti6Al4V powder after low-
temperature sintering at 650 °C in WC—6Co tooling (die and
punches) under a pressure of 555 MPa.l'*”! Shang et al. applied
WC-8Co mold for the FAST/SPS sintering of titanium matrix

Cooling Cooling/Air introduction stage

| b=
e | L] T

Figure 12. Configuration of a tunnel-type FAST/SPS. Adapted from the paper by Tokita.
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composites with a pressure of 300 MPa at a temperature of
850°C and with a pressure of 200 MPa at a temperature of
950 °C."*"! Molybdenum and Mo-based alloys such as TZM
(Plansee) enable FAST/SPS at higher temperatures. Papynov
et al. sintered UO, pellets in a molybdenum die at 1100 °C
and 141 MPa. Using the Mo die instead of a graphite one, the
authors minimized UO, reduction by carbon.'*? Laptev et al.,
reported on the sintering of half-cells for solid-state Li-ion battery
in TZM tooling at 675°C and 440 MPa.®?l Groenwald et al.,
applied a TZM tool for the FAST/SPS sintering of a Cr,S; com-
pound at 950 °C and 395 MPa.l'?*) A CFRC-based tooling enables
higher FAST/SPS temperatures. Xu et al. sintered a-Al,03; pow-
der in a CFRC die at a temperature of 925-1550 °C and a pressure
varying from 30 to 200 MPa.[***]

Anselmi-Tamburini, Munir, and Garay developed and
patented a special design of HP FAST/SPS tooling
(Figure 13)."2>'2%] The characteristic feature of this tooling is
a graphite liner serving as a current conductor and heating ele-
ment. Another feature is the thick and hard (e.g., binderless WC)
insert between internal and external punches. The insert reduces
the contact stress on the external graphite punch to an acceptable
value. The proposed design enables the use of punches made of
nonconductive ceramics. For instance, Anselmi-Tamburini et al.,
applied a graphite die and nonconductive SiC punches.'**! The
authors used HP FAST/SPS for the sintering of fine-grained
fully stabilized zirconia (850°C, 530 MPa), ceria (625 °C,
600 MPa), and samarium-doped ceria (750 °C, 610 MPa). Sokol
et al., and Wagner et al., used die, protective discs, and punches
made of SiC for FAST/SPS sintering of a magnesium aluminate
spinel at a temperature of 1150-1300°C with a pressure of
150-400 MPa and for sintering of Nd-doped yttrium aluminum
garnet (Nd:YAG) ceramics at 1300°C and 300 MPpa.l'?712l

Figure 13. Schematic view of an HP-FAST/SPS tooling developed by
Anselmi-Tamburini, Munir, and Garay!'*>'?%l: 1—graphite electrode, 2
—binderless WC spacer, 3—graphite die, 4—sintered part, 5—SiC punch,
6—graphite liner.
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Grasso et al., applied a graphite die and electrically conductive
binderless WC punches instead of nonconductive SiC punches
for the sintering of transparent alumina at a temperature of
900-1150 °C and a pressure of 500 MPa."?*) With these punches,
the current path is as in conventional FAST/SPS tooling, and the
application of a graphite sleeve becomes redundant. In a further
development, Grasso et al., replaced binderless WC with electri-
cally conductive CFRC punches. The authors reported the sinter-
ing of transparent alumina at 1000 °C with 400 MPa."* The
CFRC-based tooling is applicable up to 2000 °C (Section 3).

7.2. UHP FAST/SPS

UHP FAST/SPS uses three types of devices adopted from
the high-pressure physics and geophysics: multianvil presses,
belt-type devices, and Bridgman-type toroidal apparatus.’*!
Anvils are the key part of all high-pressure devices, serving as
mechanical pressure multipliers. The hardness of the anvil mate-
rial determines the maximal pressure in a UHP device. The
most-used anvil materials are binderless WC (up to 10 GPa)
and sintered diamond (above 10 GPa). The UHP FAST/SPS
devices use graphite or molybdenum heating elements.

Figure 14 shows a schematic of the concept of a multianvil
device. Six anvils synchronically move to the center of a cubic
cell, creating quasi-isostatic pressure in a cubic-shaped sample.
The multianvil apparatuses use 4, 6, and 8 anvils. The literature
refers to the corresponding devices as tetrahedral, cubic, and
octahedral presses. The paper by LeGodec and Courac describes
the various designs of multianvil presses in detail."*”! Zhou
etal., used a UHP cubic cell (with WC anvils) and direct AC heat-
ing for the sintering of fine-grained tungsten and molybdenum.
A pressure of 9 GPa and a temperature of 1200-1300 °C only
enabled full densification of these refractory materials.****3*
Kuskonmaz et al., sintered y-Al,0; without additives in a cubic
press at a pressure of 2-7 GPa and temperature varying from
600 to 1200 °C. The authors obtained translucent a-alumina with
a nanosized structure after high-pressure sintering at a temper-
ature of 600 °C and a pressure of 5-7 GPa.[*”]

Figure 15a shows a schematic view of the belt-type UHP
FAST/SPS device installed at the Institute of Condensed

Figure 14. The working principle of a cubic press.
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Matter Chemistry of Bordeaux."*®! This device enables applica-
tion of a pressure of up to 6 GPa and a temperature of up to
1800 °C for several hours. The apparatus uses a 10 MN press
and a pulsed direct current source. The belt-type device includes
the tungsten carbide anvils and a tungsten carbide die, pre-
stressed by a steel ring. The second ring contains the channels
for water cooling. The wound high-strength steel strip reinforces
the entire die/rings assembly. Figure 15b shows a schematic
view of the high-pressure cell with a graphite heater. The
high-pressure cell uses thermal insulation by the pyrophyllite
elements and gaskets. The prepressed pellet in the cell is either
in direct contact with the graphite heater or placed within a PTM
(graphite, pyrophyllite, sodium chloride, or hexagonal boron
nitride). Two molybdenum disks ensure electrical contact while
the sandwiching mica ring controls current distribution. Typical
sizes of the samples are 10-17 mm in diameter and 3-6 mm in
height.[136137]

Figure 16 shows the core part of a UHP FAST/SPS toroidal
apparatus installed at the Lukasiewicz - Krakow Institute of
Technology.!'*®! The prepressed powder pellet is inserted into

www.aem-jou rnal.com

a deformable cell consisting of a graphite heater and
ceramic gaskets. The cell is placed in a hydraulic press equipped
with Bridgman-type anvils connecting to a generator of
pulsed direct current. The current flows through the graphite
heater in the gasket and through the material if conductive.
The tungsten carbide toroidal anvils plastically deform the cell,
causing a quasi-isostatic pressure inside the sample. With this
apparatus, Yung et al., reported the application of a pressure
of 7.8 GPa and a temperature of up to 1900 °C.*%! Typical sizes
of the samples are 10-15mm in diameter and 5mm in
height. 138139

All UHP FAST/SPS devices utilize indirect temperature con-
trol by adjusting the power of the current source. This method
requires the power calibration through special experiments.
The same is needed for pressure, which is not a linear function
of the external load and requires calibration e.g. using the effect
of pressure-induced electrical conductivity transition of Ce, Bi,
Tl, Yb, or Ba."*® The main application of UHP SPS is the
synthesis of expensive products with unique properties such
as synthetic diamonds and superhard materials.

(a)

Cooling
water

1000 tons Press

Figure 15. a) Belt-type device with two WC anvils and aWC die, four supporting steel rings reinforced by a wound steel strip, and a high-pressure cell
inside. b) High-pressure cell: (A) fired pyrophyllite tube, (B) graphite heater with sample inside surrounded by PTM, (C) molybdenum and mica rings, (D)
steel cover filled with fired pyrophyllite pellets, (E) raw pyrophyllite gasket, and (F) polymeric gasket. Adopted from the paper by Balima et al.l'*®!

Figure 16. a) Gasket assembly. b) Schematic view of a deformable cell and toroidal anvils: 1,2—ceramic gaskets, 3—ceramic disk, 4—sample,
5—graphite disc, 6—graphite heater, 7—anvils. Adopted from the paper by Knaislov4 et al.['*
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8. Summary and Outlook

Spark plasma sintering, also referred to as Field-assisted
Sintering Technique and abbreviated as FAST/SPS,"”! is among
a group of pressure-assisted sintering technologies enabling the
production of fully dense or nearly dense powder parts. In con-
trast to HIP or SinterHIP, FAST/SPS uses a graphite, metallic, or
ceramic tooling directly heated by electric current due to the
Joule effect. Direct resistive heating is the main difference
between FAST/SPS and HP applying the external heating ele-
ments or inductive heating. In both cases, tooling is the most
challenging part of the entire sintering unit. First, the punches
and dies in the setup are at the same temperature and mechani-
cal pressure as the sintered part. This issue significantly restricts
the choice of tooling materials to that with a high strength at ele-
vated temperatures. In contrast to HP, the FAST/SPS tooling
strictly requires the application of electrically conductive materi-
als. The regular tooling material in FAST/SPS is graphite.
However, the compressive strength of regular graphite is about
30-50 MPa. Special grades of graphite withstand pressures up to
200-250 MPa, but these grades are expensive. In addition, graph-
ite is an active reductant and carbide former, interacting with
many materials at elevated temperatures. Alternatives to graphite
are hot work steels, superalloys, molybdenum, and molybdenum
alloys. However, the applicability of these materials for FAST/
SPS tooling requires more detailed study. Ceramics or ceramic
matrix composites (CMC) are another alternative to graphite.
However, most high-temperature ceramics are electrical insula-
tors or semiconductors. Therefore, their application area is the
dies for the sintering of electrically conductive materials or
inserts in a specially designed tooling. An electrically conductive
WC (binderless) ceramic and WC or B,C-based conductive com-
posites is an interesting option for FAST/SPS tooling. However,
the usability of ceramic materials in FAST/SPS tooling and
CMCs requires additional investigation. The drawbacks of
ceramic materials are their high price, brittleness, and low resis-
tance to temperature gradients and thermal cycling. A special
case is the CFRC composite, which can withstand elevated pres-
sure at extremely high temperatures. However, information
about its applicability in FAST/SPS tooling is controversial
due to reported brittleness and sensitivity to noncentral
loading. This matter requires the additional investigations and
experience.

The second challenge with FAST/SPS tooling is its limitations
in terms of the shape of the sintered parts to single-level config-
uration. This limitation originates from the availability of only
one moving piston in standard FAST/SPS devices. A possible
solution is the tooling with several punches moving separately
or the use of sacrificial inserts made of the same material as
the sintered part. Another option is the application of QIP in
a pressure-transmitting powder media. However, the pressure
in a powder bed is inhomogeneous due to the internal friction
in the powder medium. This causes the nonuniform densifica-
tion and shape distortion of sintered part. Therefore, the main
application of QIP is sintering of cold-formed, additive-
manufactured, or preliminary sintered preforms with high
starting density and low shrinkage during FAST/SPS.

The third challenge with the FAST/SPS tooling is the inhomo-
geneous temperature distribution, especially in the case of
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large-sized and/or complex-shaped parts. Proper thermal insula-
tion with the graphite felt and the CFRC inserts in combination
with an optimized tooling configuration partly or fully address
this challenge. The FEM-assisted tooling design is an effective
approach, which is still yet to find its well-deserved place in
practice. The optimization of the tooling design also improves
energy efficiency. An oversized tooling causes additional power
consumption, a limited heating rate, and prolonged cooling. The
relationship between the tooling design and the energy demand
during FAST/SPS deserves more detailed investigation.'*!

Upsizing (increase in the size of parts) and upscaling (increase
in productivity) is the fourth challenge related to FAST/SPS tool-
ing. Both these issues are closely related to advances in the
manufacturing of new FAST/SPS equipment. The energetic
aspects of the FAST/SPS technology are becoming more crucial
to reduce the carbon footprint and fulfill the requirements of the
European Green Deal program. Increasing productivity strength-
ens the need of reproducible quality of the sintered parts.
Therefore, an optimization of the tooling design, in the way
described in the previous paragraph, is essential for the effective
industrialization of FAST/SPS technology.

A special case is the high-pressure (0.1-1 GPa) and ultra-high-
pressure (over 1 GPa) FAST/SPS tooling. The design of the HP
FAST/SPS tooling is identical to that of the regular FAST/SPS
tooling. The main difference is that the HP FAST/SPS tooling
uses materials with higher strength than conventional graphite.
Herein, the application of electrically conductive WC and CFRC
punches is promising. However, the practical experience with
such punches is still insufficient. The die material in HP
FAST/SPS tooling requires special consideration. In many cases,
the HP FAST/SPS uses dies manufactured from a high-strength
graphite. The high pressure causes the large tensile circumfer-
ential stresses in the die wall. At the same time, the tensile
strength of graphite is much lower than its compressive strength.
The application of graphite dies is therefore risky due to possible
fracture at high pressure. This problem requires special investi-
gation, which includes study the tensile strength of graphite.
This consideration is also applicable to the ceramic dies due
to the low tensile strength of structural ceramics. The UHP
FAST/SPS uses the tooling adopted from the high-pressure
physics and geophysics. This tooling has a complex design
and is suitable for producing of materials with special properties
(e.g., synthetic diamonds) and for fundamental research.
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