
Chapter 3
Sintering by High-Voltage Electric Pulses

3.1 Principle and Physical Mechanisms of High-Voltage
Consolidation

Consolidation of powders by high-voltage electric pulses generally attracts attention
as a method of very fast consolidation, in which most of the heat is released at the
inter-particle contacts. High-voltage electric pulse sintering is a processing of choice
when refractory metals are to be consolidated [1–3]. The principle of this technique
is the passage of a high-voltage current pulse through the powder sample under
applied external pressure. In the most widely used variation of high-voltage consol-
idation, the current is produced by discharging a capacitor bank. The described
sintering methods utilize electric discharges of several kV, electric current densities
exceeding 10 kA�cm�2, and pressures of up to 10 GPa. In most cases, the powder to
be consolidated is subjected to a single electric pulse with duration shorter than 0.1 s.
Consequently, electric pulse methods allow consolidating near-net-shape powder
compacts much faster than in the conventional methods of densification, such as
pressureless sintering, hot pressing, or hot isostatic pressing. Fast sintering in high-
voltage techniques can be thought of as a possibility to conduct sintering with
minimal microstructure changes, if those are undesirable in the consolidated mate-
rial. Belyavin et al. [1] approached electric current-assisted sintering pursuing the
sintering enhancement possibilities of refractory metals. The activation of sintering
by current was suggested as more efficient than the activation by the introduction of
low-melting-temperature additives.

Pulse consolidation processes exist in several variations: high-voltage electric
discharge consolidation (HVEDC) [4–10], high-energy high-rate consolidation
(HEHR) [11–16], pulse plasma sintering (PPS) [17, 18], and capacitor discharge
sintering (CDS) [19–23]. A setup for HVEDC uses pulsed current generated by
discharging a capacitor bank to rapidly heat the powder sample, to which external
pressure is simultaneously applied. The main parameters of the HVEDC process are
the external pressure and the electric current generated by the discharge. In HEHR

© Springer International Publishing AG, part of Springer Nature 2018
E. A. Olevsky, D. V. Dudina, Field-Assisted Sintering,
https://doi.org/10.1007/978-3-319-76032-2_3

37

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-76032-2_3&domain=pdf
https://doi.org/10.1007/978-3-319-76032-2_3


consolidation, a homopolar generator is used, which transforms the rotation energy
into the electrical energy as a result of Faraday’s effect. Although the HEHR method
uses a voltage below 100 V, it is often discussed together with high-voltage
consolidation due to its highly dynamic nature: consolidation by means of a single
pulse of a very high electric current (100–500 kA). In PPS, a current source
generates periodical pulses of current. Sintering is conducted in vacuum, which
differs this method from other methods based on the application of pulsed current.
The CDS method uses two circuits coupled by mutual inductance instead of a single
RLC circuit. This configuration allows applying low voltages to the powder com-
pact, thus reducing the possibilities of discharges, breakdown, and local plasma
formation during the process. The CDS normally produces nearly fully dense
compacts, the porosity being present only in the surface layer and uniformly
distributed. The CDS method is based on the storage of high-voltage electrical
energy in a capacitor bank inserted in a freely oscillating system composed of a
primary circuit and a mutually coupled secondary circuit. The secondary circuit
works in conjunction with a mechanical press, which is controlled by a programmed
logical controller. Once the desired pressure from the press is reached, the switch
closes the circuit, and the electromagnetic energy is transferred to the secondary
circuit by means of a transformer that enables conversion from high voltage and low
current in the primary circuit to low voltage and high current in the secondary circuit.
A comprehensive review by Yurlova et al. [1] summarizes the current knowledge of
the process mechanisms and tracks the historical development of the high-volt-
age methods. The advantages of HVEDC can be exploited only through the optimi-
zation of the consolidation parameters since excessive energy dissipation during this
type of processing can lead to the instability of the compaction process, the forma-
tion of an undesirable material structure, and even to the destruction of the sintered
specimens and of the equipment used. The time dependence of the associated
thermal processes at the inter-particle contacts plays a key role in electric pulse
powder consolidation.

A schematic of a HVEDC setup, an equivalent electric diagram, and HVEDC
tooling are shown in Fig. 3.1. The behavior of the electric circuit consisting of a
capacitor, a consolidation setup, and a powder column is described by the following
equation [10, 24]:

d2U

dτ2
þ R τð Þ

L

dU

dτ
þ U

LC
¼ 0, ð3:1Þ

where U is the voltage, τ is the time, L is the inductance, and C is the capacitance.
The principal difficulty in describing the process of HVEDC mathematically is the
changing resistance of the powder compact during the process. If R2(τ) > 4LC, i.e.,
the resistance of the powder compact exceeds the reactive component of the circuit,
the discharge has an aperiodic character. If R2(τ) < 4LC, the discharge is a damped
oscillation process. Electric discharge consolidation facilities usually use a Rogowski
coil to measure the current and oscillographs to record the current waveform.
The typical current waveform during HVEDC is a damped sinusoid (Fig. 3.2)
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[25]. A change from a damped oscillation discharge to an aperiodic discharge
(Fig. 3.3) can be caused by an increase in the compact resistance due to temperature
rise due to Joule heating [24].

Al-Hassani et al. [26] suggested using the electric circuit theory to describe the
electric pulse sintering. The mathematical model is based on the assumption that the
inductance and capacitance remain constant, while the resistance varies with tem-
perature. The variation of resistance with time during electric discharge sintering is
expressed by a two-term exponential form:

Fig. 3.1 Schematic of a HVEDC setup (a), equivalent electric diagram (b), and HVEDC tooling (c)
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Fig. 3.2 Typical pulse current waveform during HVEDC (Rogowski coil) [25]

Fig. 3.3 A change from a damped oscillation discharge to an aperiodic discharge [24]
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R tð Þ ¼ R1 tð Þ þ R2 tð Þ whereR1 ¼ A1e
�α1t andR2 ¼ A2e

�α2t hereA1

� A2, α1 � α21 ð3:2Þ
Assumption (3.2) implies that when t is small, the first term R1(t) dominates, and

when t is large, the second term does. A mathematical analysis of the equations was
carried out to determine the time dependence of the electric current. As is seen
in Fig. 3.4, the calculations are in good agreement with the experimental results [26].

The experimental results on the instantaneous resistance of three steel powders
oxidized for different periods of time are presented in Fig. 3.5 [27]. The resistance of
the powder column shows an initial sharp reduction, which is consistent with the
breakdown of the insulating oxide layers on the particle surfaces. In the subsequent
stage of consolidation (after the breakdown of the oxide layers), the powder resis-
tance slightly increased, apparently due to an increase in temperature. It can be seen
that the instantaneous resistance of the powder column depends on the thickness of
the oxide film. As can be concluded from Figs. 3.5 and 3.6, the resistance of the
compacts is dramatically reduced by the time the current reaches its maximum.

In order to exclude heating of the sample throughout its volume, the electric pulse
duration should be shorter than the time needed to heat the materials through heat
conduction. Short pulses lead to the skin effect and the formation of thin skin layers.
In order to ensure the uniform heating of the sample through its cross section, the
thickness of the skin layer should be greater than the characteristic size of the
sample. The pulse duration should be shorter than the time needed to fully heat the
particles; otherwise complete melting of the sample might take place. The pulse
duration should satisfy the relationship:

Fig. 3.4 Current waveforms of a commercial steel powder sample. (Reprinted from Al-Hassani
et al. [26], Copyright (1986) with permission from Elsevier)
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τM < τP � τT, ð3:3Þ
where τP is the pulse duration, τM is the time, during which the magnetic field
penetrates the sample determined by the skin effect, and τT is the time needed to heat
the powder particles [29]. These two characteristic times depend on the material
properties, the sample dimensions, and the particle size of the powder. The sample
electrical resistance during electric pulse sintering usually changes according to the
following scenario: during the first 10–20 μs, the electrical resistance rapidly drops,
then it decreases more slowly, and after 100–200 μs from the process start, the
resistance stops decreasing and may as well increase due to heating of the sample.
The faster the discharge, the shorter the time, during which the electrical resistance
levels off. Zavodov et al. shortened the discharge duration by using exploding wires
[29]. It was shown that sintering can occur within a time as short as ~2 μs. The
sintered material did not, however, possess the required strength.

The characteristic cooling time in electric pulse sintering is several seconds. The
duration of the densification process is several milliseconds [30]. Based on this,
densification can be assumed to occur at a constant temperature. The analysis of the
electric pulse sintering parameters reveals the hierarchy of the characteristic times in
the electric pulse sintering process. The energy input into the powder material is
characterized by the pulse duration τ0 < 10�3 s. The time, during which the compact
is formed from the powder, depends on the mechanical loading system and lies in the
2 � 10�3 < τ1 < 2 � 10�2 s range. The cooling time of the sintered sample τ2 is a

Fig. 3.5 Evolution of resistance of oxidized steel powders during electric pulse consolidation.
(Reprinted from Alitavoli and Darvizeh [27], Copyright (2008) with permission form Elsevier)
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function of thermal conductivity of the material and the characteristic sample size;
τ2 � 2.5 s. The following relationship is observed: τ0 < τ1 � τ2 [5, 30].

The pinch effect causing constriction of the powder sample in the radial direction
is observed only at certain current values passing through the sample during the
discharge. When the electric current is uniformly distributed over the cross section of

Fig. 3.6 Voltage and current (a) and resistance (b) of a compact consolidated from an oxidized
nickel powder by an electric discharge. (Reprinted from Kim et al. [28], Copyright (1988) with
permission from Elsevier)
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a cylindrical powder sample of radius r0, the magnetic pressure can be calculated
using equation [31]:

pm rð Þ ¼ � μ0 r20 � r2
� �

I2

4π2r40
ð3:4Þ

where μ0 is the vacuum permeability, r is the radial distance, and I is the current. The
action of the pinch effect is schematically shown in Fig. 3.7. The distribution of the
magnetic pressure over the sample cross section is of a parabolic character with a
maximum in the center of the sample.

The action of magnetic pressure can produce a nonuniform pore distribution in
the porous powder material. However, if

pl � pm, ð3:5Þ
where pl is the pressure on the lateral surface of the compact caused by the
compressive force applied to the electrode, this will not take place [10]. If pl ¼ pm,
the friction force will be zero between the powder compacts and the die wall.

The distribution of the magnetic pressure is more uniform when a strong skin
effect is observed. The pinch effect makes it easier to take the sintered sample out the
die; the repeated use of the die is possible reducing the processing costs. The greater
is the length of the sample, the lower is the current, and the lower is the pressure
caused by the pinch effect. This consideration explains a reduction in the sintered
density of samples with increasing their length.

Kim et al. [28] reported microscopic evidence of heavy deformation of nickel as a
result of electric discharge consolidation carried out without external pressure and
suggested that this deformation was caused by electromagnetic forces generated
during the discharge. The indications of heavy deformation were observed micro-
scopically as cells with small-angle boundaries.

Fig. 3.7 The pinch effect in
a powder sample during
electric pulse sintering and
magnetic pressure p profiles

44 3 Sintering by High-Voltage Electric Pulses



3.2 Stages of High-Voltage Consolidation

As was already mentioned, an important feature of high-voltage electric pulse
sintering is the concentration of the released energy in the contact zone between
the particles. Therefore, the initial state of the powder particles (the thickness and
structure of oxide films, the presence of second-phase inclusions, etc.), the shape and
size of the particles, as well as the applied pressure greatly influence the physical
processes during the consolidation, which are spatially inhomogeneous and time-
dependent.

Al-Hassani et al. distinguish five sintering stages [32]:

– Destruction of the surface contaminating layers between the adjacent particles in
the axial direction upon the critical applied stress depending on the nature of the
powder material and geometry of the sample; this is accompanied by an instan-
taneous drop in the sample resistance and an increase in the current passing
through the paths of least resistance.

– Inter-particle sintering leading to the formation of inter-particle necks parallel to
the direction of electric current; the inter-particle necks grow, and this is accom-
panied by a further reduction in electrical resistance; however, an increase in the
resistivity with temperature can be significant, and it is possible that the total
resistance of the powder sample will increase.

– At the third stage, the conductive inter-particle necks are self-constricted as a
result of the pinch effect; the surface layers of the particles are destroyed in the
radial and azimuthal directions, which lead to sintering of the particles to each
other in these directions.

– The electric current passes through the continuous metal using the previously
formed electrical paths.

– Disintegration and stability loss or electric explosion.

In powder compacts, the density fluctuations, which can often be present due to
powder agglomeration, can cause fluctuations in electrical conductivity within the
compact. The paths of least resistance can be overheated. If overheating results in the
formation of a molten metallic channel, a short circuit forms leaving the rest of the
sample poorly sintered. Working with a mixture of steel and polyethylene powders,
Alp et al. [33] determined a critical voltage, above which the compact disintegrates
in a similar way a metallic wire explodes under a high current.

Fundamental parameters of electric pulse sintering are the specific energy input
(SEI) and applied pressure. According to Ervin [34], SEI is the result of the real part
of the current and real part of the voltage acting on the sample:

SEI ¼ limt!þ1
E j tð Þ
w

� 1
w

ðt∗
0
i
�
~t
� � v�~t�d~t , ð3:6Þ

где Ej(t) is the energy used to heat the powder (Joule effect); w is the mass of the
powder placed in the die; t∗ is an approximate discharge duration; i(t) and v(t) are
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electric current and voltage during the discharge. For instance, the typical pulse
duration in capacitor discharge sintering is 30 ms, and 90% of the energy is released
in less than 20 ms (Fig. 3.8). Higher values of SEI can lead to higher compact
densities [21]. The thermal cycle lasts about 1 s [20].

In order to characterize an electric pulse sintering process, Anisimov and Mali
[35] used the integral of current:

J ¼
ð t

0
j2dt ð3:7Þ

where j is the current density in the sample. Sintering occurs when the integral of
current exceeds a critical value, which is lower than required to fully melt the
material.

3.3 Processes at Inter-particle Contacts During High-
Voltage Consolidation

When no electric current is involved in the sintering process, the densification rate
will increase with increasing applied pressure; however, in electric pulse sintering, as
the level of pressure influences the resistance of the powder compact, an opposite
influence may be expected. As the pressure increases, the contact resistance between
the particles decreases reducing Joule heating. Al-Hassani has found that the
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Fig. 3.8 Variation in time of the energy dissipated during an electric pulse in CDS due to Joule
effect. (Reprinted from Fais [21], Copyright (2010) with permission from Elsevier)
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resistance of the powder volume is inversely proportional to P2/3; here P is the axial
pressure applied to the powder sample [26]. The yield strength of the material
decreases with temperature; therefore, the lower is the temperature of the material,
the higher is its yield strength, and, consequently, the lower is its densification rate.
At a constant initial resistance of the powder compact ensured by the same applied
pressure, the temperature of the inter-particle contacts increases with increasing
current density and the powder consolidation rate increases, as shown in Fig. 3.9
for WC–Co compacts [6]. At a constant pulsed current, the densification rate is
determined by the temperature dependence of the yield strength of the material.
Grigoryev [4, 6] proposed using a dimensionless parameter β ¼ σ(T )/P, where σ(T )
is the yield strength of the material, to analyze the change in the densification rate
with applied pressure. Indeed, the pressure determines the initial resistance of the
powder column and the amount of heat released in the powder material as well as its
temperature. With an increase in the pressure, the resistance of the powder column
decreases, and the heating of the material is reduced. Normally, a higher external
pressure leads to a higher consolidation rate. However, a direct pressure-associated
increase in the consolidation rate is leveled by the temperature dependence of the
yield strength of the powder material in the case of consolidation assisted by a
current pulse, as the sample’s temperature does not remain constant (Fig. 3.10).

Fig. 3.9 Variation of the sample density with time during electric pulse sintering of WC–Co
powders: 1 � 75 kA cm�2, 2 – 85 kA cm�2, and 3 � 97 kA cm�2 at a constant applied pressure of
150 MPa. (Reprinted from Grigoryev [6], distributed under Creative Commons Attribution 3.0
Unported License (CC BY 3.0), https://creativecommons.org/licenses/by/3.0/)
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The pressure distribution along the vertical axis of the sample is shown in
Fig. 3.11 [1]. Such a character of the pressure distribution is caused by the friction
between the powder and the walls of the die. The difference in the applied pressure
causes differences in the resistance, and, consequently, heat evolved in the compact.
For parts of significant lengths, a multistep process has been suggested, in which
new “portions” of a powder are “added” to the rod by means of sintering.

Belyavin et al. [1] consider the behavior of molten columns (bridges) that form
between the particles during electric pulse sintering. Under the combined action of
the applied mechanical pressure, electromagnetic forces, and surface tension, the
bridges can change their shape, lose their stability, and move away from the contact
area. The dependences of the size of the inter-particle contacts and porosity and
strength of titanium compacts are shown in Fig. 3.12. When a certain pressure is
reached, the molten bridges lose their stability, and some molten metal flows away
from the compact. The capillary and electromagnetic forces are responsible for the
stability of molten bridges, while the internal hydrostatic pressure of the liquid
column can induce squeezing of the melt from the inter-particle contact. When this
happens, the contacts are reduced in size and the mechanical strength of the sintered
compact decreases. Figure 3.12b shows that there is an optimal pressure that should

Fig. 3.10 Variation of the sample height with time during electric pulse sintering of an iron powder
for a fixed current density (156 kA cm�2) and different pressures: (1) 106 MPa, (2) 176 MPA,
(3) 247 MPa, (4) 282 MPa. (Reprinted from Grigor’ev [4], Copyright (2008) with permission of
Springer)
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Fig. 3.12 Relative size of
the inter-particle contacts (a)
and porosity (1) and strength
(2) of the compacts (b) vs.
applied mechanical pressure
for titanium compacts.
(Drawn using data of Ref.
[1])

Fig. 3.11 Pressure distribution along the sample length [1]



be applied to maximize the compact strength and minimize the porosity. If no
pressure is applied, the electric pulse-sintered compacts are only 40–70% dense.

An important sintering factor is the temperature of the sample. The neck size
between the particles was shown to increase with the heat generated in the sample
during the pulse [36]. Belyavin et al. have found a relationship between the dis-
charge voltage and the temperature of the powder particles [10]. The following
assumptions have been made:

– The heat in the contact zones of all powder particles evolves uniformly; the heat
exchange processes occur independently of each other.

– Due to short discharge durations, there is no heat exchange with the surroundings.
– The particles are heated from the heat sources, which are the contact zones.
– The contact zone is a semisphere.
– The dissipation of heat inside the particle occurs according to the scheme of

Fig. 3.13; the heat is distributed between the particles equally.
– Heat exchange between the inner layers of the particles is governed by

Fourier’s law.

Figure 3.13 shows the scheme of the heat exchange between the heated layers of
the powder particles. The temperature in the contact zone is determined by [10]:

Tq ¼ 3q� 2:25bγπd3

4 c1 þ c2ð Þγπd3 , ð3:8Þ

Fig. 3.13 The heat exchange scheme between the heated layers of the contacting powder particles
(1, oxide film; 2, powder particle; 3, contact zone; 4, isotherms; 5, heat dissipation direction).
(Reprinted from Belyavin et al. [10], Copyright (2004) with permission of Springer)
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where Tq is the temperature in the contact zone, b is the specific melting heat, c1 and
c2 are the heat capacities of the solid and liquid state of the material, d is the diameter
of the contact zone, γ is the density of the particle, and q is the specific discharge
energy. The characteristic temperature variation inside a powder particle with
distance from the particle surface is shown in Fig. 3.14. An advantage of electric
pulse sintering is the evolution of heat in the contact zone between the particles,
which leaves the central regions of the particles relatively cold.

The temperature at the inter-particle contacts depends on the angle between the
contact zone and the direction of electric current. In the contact zones normal to the
direction of electric current, the temperature is the highest, while in the contact zones
parallel to the direction of electric current, the temperature may not increase at all.

The temperature of the contact zone between the particles can be calculated by
incorporating current distribution into the random packing of particles [37]. The
following assumptions are made: the particles are incompressible, the Joule heat is
not dissipated by radiation or conduction, and the particle surface becomes clean of
the surface oxide before the peak current is reached (the surface cleaning time is
much shorter than the discharge time). The temperature of each contact zone can be
calculated using the following equation [38]:

ΔTi ¼
ðtp
0

j cos θið Þ½ 	2ρ= dcð Þdt ð3:9Þ

where ΔTi is the temperature in i contact zone, tp is the pulse duration, j is the
microscopic current density, θi is the solid angle between the normal to the contact

Fig. 3.14 The temperature inside a powder particle vs. the distance from its surface. (Reprinted
from Belyavin et al. [10], Copyright (2004) with permission of Springer)
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surface and the direction of the current, ρ is the resistivity, d is the density of the bulk
material, and с is the heat capacity.

At the contact area perpendicular to the current direction, the temperature is the
highest. Wu and Guo [25] calculated the average temperatures of the inter-particle
contacts using the following equation:

ΔT ¼ ΔTi ¼
XZ=2

1
cos θið Þ2

ðtp
0
j2ρ= dcð Þdt, ð3:10Þ

where Z is the average coordination number in the pressing limit, which, as was
shown by Artz [37], depends on the relative density D:

Z Dð Þ ¼ Z0 þ 9:5 D� D0ð Þ for D < 0:85,
Z Dð Þ ¼ Z0 þ 2þ 9:5 D� 0:85ð Þ þ 881 D� 0:85ð Þ3 for D > 0:85,

ð3:11Þ

where Z0 ¼ 7.3 is the initial coordination number. The calculation results for iron
compacts of different relative density (66–91%) are presented in Fig. 3.15. The
temperature is sensitive to the relative density and increases with increasing current
density dramatically at low relative densities. Calculations of the average tempera-
tures at the contact regions allow determining whether a substantial role in densifi-
cation will be played by liquid-phase sintering mechanisms. The role of liquid
phases in the densification of tungsten heavy alloys by electric discharge is demon-
strated in Fig. 3.16, from which it can be concluded that as the content of tungsten in

Fig. 3.15 Temperatures at the inter-particle contacts calculated by Wu and Guo [25] for iron
compacts of different relative density. (Reprinted from Wu and Guo [25], Copyright (2007) with
permission of Springer)
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the alloys decreases, the densification becomes more efficient and the evidence of the
liquid-phase sintering is seen as areas in the microstructure corresponding to the Ni–
Fe phase.

The nature of thermal processes in the inter-particle contacts has a significant
influence on the temperature distribution throughout the volume of the consolidated
material. Experimental results show that generation of an insufficient local Joule heat
in the inter-particle contacts leads to weak intergranular bonding, a low final density,
and a low mechanical strength of the consolidated specimen. On the other hand,
during HVEDC, there is an upper critical level for the local Joule heating of the inter-
particle contacts, beyond which the powder material disintegrates like an exploding
wire [33]. Therefore, the optimum electric pulse current amplitude and pulse time
length are necessary to generate a sufficient amount of heat for the stable formation
of strong inter-particle bonds.

Grigoryev and Olevsky [5] developed a mathematical model of the physical
processes occurring under HVEDC, taking into account the processes in the particle
contact zones, which is described below. The system of equations describing the
processes under HVEDC was based on the mass, momentum, and energy conser-
vation laws and on the electrodynamic equations for the consolidated powder
materials. Simulation of the HVEDC confirmed two different time scales for the
thermal processes occurring during the processing: the first stage – the stage of the
energy input into the powder, and the second (final) stage (the stage of cooling) of
the consolidated material. The numerical results indicated the possibility of the
localization of heat in the inter-particle contacts for certain parameter values of the
high-voltage pulse electric current. The simulation of the thermal processes in the
inter-particle contacts has identified an upper critical level for the high-voltage pulse
current amplitude, beyond which the inter-particle contacts in the powder material
disintegrate via an electrothermal explosion:

Fig. 3.16 Microstructure of W–Ni–Fe alloys consolidated under the same current density
(2.5 kA mm�2): (a) 98W–Ni–Fe, (b) 90W–Ni–Fe. (Reprinted from Wu and Guo [25], Copyright
(2007) with permission of Springer)
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jo ¼
ffiffiffiffiffiffiffiffi
2ξσ
ρh

s
Tb, ð3:12Þ

where ξ � 1, σ is the Stefan–Boltzmann constant, Tb is the boiling point of the
material, ρ is the electrical resistivity of the contact spot, and h is the thickness of the
contact area. Equation (3.12) was obtained from the analysis of the heat balance at
the initial period of time when the electric current density rapidly increases during
the pulse (at its leading edge). The heat balance assumes the equivalence of the Joule
heat generation rate and the heat dissipation by heat transfer through radiation.

Belyavin et al. [1] calculated the depth of the molten region at the inter-particle
contacts and cooling rates of the molten material after the completion of the pulse.
The depth increases with increasing energy of the discharge and decreases with
increasing pulse duration (Fig. 3.17). Figure 3.18 shows the cooling rate variation
with time for different distances from the particle surface for a titanium powder. It
can be seen that immediately after the completion of the process (the pulse duration
was 50 μs), the cooling rates as high as 108 K s�1 are achieved and remain at a level
of 106 K s�1 for about 10 μs. Such cooling rates favor the formation of a fine-grained
structure or amorphous zones at the inter-particle contacts.

High energy density in the contact zones can bring about changes of the state of
the material (solid into liquid and partially into a dense low-temperature plasma).
Vityaz’ et al. [39] studied the distribution of the alloying elements across the contact
formed between the spherical particles of a Ti alloy, in which α and β phases were
present, stabilized by Al and Mo alloying elements, respectively. It was found that
during conventional vacuum sintering, a uniform distribution of the alloying ele-
ments was established, while in electric pulse sintered compacts, concentration
“jumps” were observed when moving from one particle to another indicating a far-
from-equilibrium state of the material in the neck region formed in the conditions of
highly localized and rapid heat release.

The microstructural evidence of higher temperatures of the particle outer layers
relative to the interior and the occurrence of melting/rapid solidification processes
was obtained by Cho et al. [40], who used a metallic glass powder, which crystal-
lized with increasing temperature. A spherical metallic glass powder of the
Cu54Zr22Ti22Ni6 composition with particles ranging from 5 to 45 μm was sintered
by a single capacitor discharge, and the microstructure of the porous compact was
studied. While morphological changes of the particle surfaces are usually accepted
as the evidence of melting and solidification in the systems of crystalline metals, a
grainy structure was to indicate the thermally induced crystallization processes in the
sintered metallic glass powder. The crystallized outer layer of the particles 30–45 μm
in diameter observed along with an unchanged amorphous core indicated higher
temperatures of the particle surfaces. Smaller particles crystallized completely.
When the energy of the pulse was sufficient to fully crystallize the material, there
was still a difference in the microstructure of the outer regions of the particles and
that of the core, the grains being smaller in the former due to faster cooling.
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The role of diffusion during electric pulse sintering is not fully understood. Fais
argues that atomic diffusion plays the major role, but the interaction of thermal,
electromagnetic, and mechanical fields makes it challenging to analyze the processes
[21]. However, Wu and Guo point out that diffusion and viscous flow are negligible
during electric pulse sintering owing to extremely short sintering durations [25].

Fig. 3.17 Depth of the molten region at the inter-particle contacts vs. discharge energy (a) and
duration of the pulse (b) for a titanium powder. (Drawn using data of Ref. [1])
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The possibility of improving the quality of the sintered compacts by applying
several high-voltage pulses has been a matter of discussion. Belyavin found that a
porous compact forms during the first discharge [10]. Zavodov et al. studied the
effect of the voltage application mode and of the number of pulses on the quality of
the sintered samples [29]. The voltage was increased with each subsequent pulse. It
was found that when the voltage was gradually increased, the final resistance of the
materials was 2–3 times lower than in the case of a single pulse. The neck diameter
was 30–50% of the particle diameter. The strength of the material sintered using this
step-by-step voltage increase approach was higher than the strength of the material
sintered by a single pulse.

The efficiency of electric pulse sintering is the ratio of the thermal energy released
in the powder compact during the discharge to the electrical energy stored by the
capacitor bank. In order to increase the efficiency of electric pulse sintering facilities
that can be described by a simple oscillatory RLC circuit, Belyavin et al. [10] derived
a relationship, which, if observed, guarantees that during the first period of oscilla-
tions, the major fraction of the stored energy of the capacitor (95%) is released as
heat:
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r
� R <

ffiffiffiffiffiffi
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where R is the resistance, L is the circuit inductor, and C is the capacitance of the
capacitor bank.

Fig. 3.18 Calculated cooling rates vs. time for different distances from the particle surface for a
titanium powder. (Drawn using data of Ref. [1])
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Applying modeling methods, the circuit parameters can be found such that the
efficiency calculated using Eq. (3.13) would be the highest:

η ¼ 1� δð Þ R1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
1 þ 1

ωC � ωL
� �2q , ð3:14Þ

where R1 is the resistance of the powder column, ω is the frequency of the damped
oscillations, η is the efficiency, and δ ¼ 0.05 is the damping factor. In order to
achieve a reasonable efficiency of electric pulse sintering, a RLC circuit should
possess a certain resistance.

Assuming that the particles have spherical shape, the diameter of the contact area
between the particles is much smaller than the particle diameter and the particles
deform elastically under a compressive force applied to the punches, Belyavin et al.
analytically derived the following equation to calculate the initial resistance of the
powder compact pre-pressed prior to sintering [10]:

R ¼ ρ
4D0

π 1� 2εð Þ2n1=3V

E

3FD0 1� ν2ð Þ 1� σð Þ
� �2=3h

S
, ð3:15Þ

where ρ is the resistivity of the material of the powder particles, D0 is the particle
diameter, ε is ratio of the thickness of the oxide film to the linear deformation, nV is
the volume concentration of inter-particle contacts in the compact, F is the compres-
sive force of the electrode, E is the Poisson ratio, σ is the friction coefficient, E is the
Young’s modulus, h is the height, and S is the cross-sectional area of the powder
compact.

The discharge efficiency is proportional to the ratio of the powder surface
resistance to the sum of the circuit resistance and that of the powder surface. Rock
et al. [41] suggested mixing Nb–Al mechanically milled powders produced by low-
and high-energy mechanical milling to achieve a certain resistance of the compact to
be sintered by electric discharge sintering. The XRD patterns of the compacts of
different initial resistances are shown in Fig. 3.19. Slightly narrower peaks in the
XRD patterns of higher initial resistance compacts indicate a small degree of grain
growth caused by heating during the discharge. However, it is normally accepted
that the duration of an electric discharge is sufficient for densification of the powders
but too short for any noticeable grain growth during electric pulse sintering [1, 23].

The size of the powder particles is also important for electric pulse sintering.
Zavodov et al. [29] have observed fine particles to be thrown out of the die due to
intensive gas evolution during a high-voltage electric pulse [29]. The electrical
conductivity of a fine powder is lower than that of a coarse powder. However, the
coarse powders are consolidated into compacts of higher densities, which is related
to the discharge energy dissipating between a smaller number of contacts so that
each contact receives more energy at a constant discharge energy [42].

Alitavoli and Darvizeh [27] discussed the existence of the optimal thickness of
the oxide film on metallic powders required to produce sufficient heat for the neck

3.3 Processes at Inter-particle Contacts During High-Voltage Consolidation 57



Fig. 3.19 XRD patterns of the Nb–Al powder and Nb-Al compacts of different initial resistances
consolidated using the same input energy of 0.5 kJ g�1: (a) mechanically milled mixture of Nb and
Al, (b) 80mΩ, (c) 100mΩ, (d) 130mΩ. (Reprinted from Rock et al. [41], Copyright (1998) with
permission of Springer)
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formation during electric pulse consolidation. The compacts produced by hydrogen-
annealed steel powders showed lower bending strength compared with those pro-
duced from the as-received powders. When the oxide film was completely removed,
insufficient amounts of heat were generated, which led to weak inter-particle bond-
ing and low mechanical strength. On the other hand, when the thickness of the oxide
layer increases and the critical value is reached, the current distribution in the powder
volume becomes very nonuniform such that uniform densification cannot be
achieved even at the expense of an increased voltage or capacitance of the capacitor
bank. Figure 3.20 shows the effect of preliminary oxidation of steel powders on the
structure of the compact [27].

Figure 3.21 shows the contact areas of spherical Mo powder particles formed by
the action of a constant compressive pressure of 80 MPa and of heat sources of
various intensities [5]. The action of the heat sources of lower power locally
enhances the plasticity of the material and causes the subsequent intense deformation
of the contact region (Fig. 3.21a). A more powerful heat source leads to the local
melting of inter-particle contacts and to a high rate of crystallization refining the
grain structure of the material of the contact region (Fig. 3.21b).

Fig. 3.20 The effect of preliminary oxidation of the steel powder on the structure of the compact:
non-oxidized powder (a), oxidized at 500 
C for 15 min (b), 30 min (c), 40 min (d), and 60 min (e).
(Reprinted from Alitavoli and Darvizeh [27], Copyright (2008) with permission from Elsevier)
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Electric pulse sintering is promising for making not only dense compacts but also
porous materials and parts, such as filters, getters, acoustic and radio absorbers, and
implants. Thus, when energy exceeding 1 kJ is evolved in the backfill of a titanium
powder, a dense core forms in the center, while the adjacent material remains porous
[43]. The core diameter depends on the energy at a constant charge of the capacitor
bank. This effect is observed due to the action of magnetic field during the discharge
(the pinch effect), which contracts the sample in the radial direction and reduces the
sample diameter [44]. The porosity of the sample depends on the sintering param-
eters and can be varied according to the aim of the experiment. Belyavin suggests
that manufacturing of porous refractory metals by electric pulse sintering will allow
reducing energy consumption, make the technology more simple, and ensure the
desired structural properties (porosity, pore size, specific surface area), hydrody-
namic properties (permeability coefficient, local permeability), and physical and
mechanical properties (strength, electrical conductivity) [45].

Fig. 3.21 Plastic deformation (a) and melting (b) of the contact region between Mo particles.
(Reprinted from Grigoryev and Olevsky [5], Copyright (2012) with permission from Elsevier)
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Investigations comparing the sintering results achieved by different methods
using one and the same powder material are quite rare. Due to well-known difficul-
ties of reliably measuring the sintering parameters, it is nearly impossible to make a
direct comparison of the sintering conditions and conclude on the dominant role of a
certain experimental parameter. However, by sintering the same powder by different
techniques, it is still possible to conduct comparative studies. Scardi et al. [22] and
Fais et al. [23] have made an attempt to find certain characteristics of the micro-
structure development and the crystalline structure evolution typical to CDS and
spark plasma sintering (SPS) producing dense samples from the same powder. They
found that due to a short sintering time in CDS, the dislocations present in the
mechanically milled powder remain quite uniformly distributed in the crystalline
lattice of the sintered material, while in the SPS-produced samples, the dislocations
tend to interact, form pile-ups, and reach lower-energy configurations. The coher-
ently scattering domains are smaller in the CDS samples than in the SPS ones of the
same composition and having close values of density [23]. In a Fe-based alloy (Fe–
1.5 wt.% Mo) sintered by CDS, austenite was found as a minor phase, while it was
not present in the SPS samples of the same composition, the latter consisting of the
ferritic phase. The authors conclude that in terms of preserving the nanocrystalline
state of metals, the CDS method appears to be more successful.

3.4 High-Voltage Electric Discharge Consolidation
(HVEDC) Apparatus

A single electric pulse passing through the powder sample of high resistance carries
energy that is enough to sinter many materials. Therefore, electric pulse sintering can
have its applications and advantages over the other electric current-assisted sintering
techniques, such as spark plasma sintering (SPS) [1]. However, the best use of the
advantages of the high-voltage electric pulse sintering can be achieved only through
the optimization of the consolidation parameters. A variety of apparatus have been
developed to conduct electric pulse sintering. Many facilities are unique such that
their only users are their developers. Commercial manufacturing of the facilities is
also rapidly developing making them available for research purposes.

The high-voltage electric discharge consolidation (HVEDC) [4, 9] setup devel-
oped in Moscow Engineering Physics Institute (MEPhI) is shown in Fig. 3.22. The
setup includes an energy storage unit, a switchboard, a pressing unit, and measuring
systems of electric pulse parameters, sample temperature, and densification kinetics.
The energy storage unit contains a capacitor bank with a stored energy of 75 kJ,
which during the discharge ensures a powerful energy release in the powder, and a
charging unit. The capacitor bank contains 30 capacitors each with a capacitance of
200 μF; voltages as high as 6 kV can be achieved. The switch board in the setup is a
vacuum discharger (trigatron switch), which is used to complete the circuit. The
trigatron switch allows current pulses of up to 106 A. The setup uses pulsed current
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generated with the capacitor bank to rapidly heat the powder sample, to which
external pressure is simultaneously applied during the sintering process. The main
parameters of HVEDC are the external pressure and the electric current generated by
the discharge. The powder is poured into a nonconducting ceramic die and pressed
by two molybdenum punches also serving as electrodes. The powder volume
(“column”) is a cylinder ~10 mm in diameter and 10–15 mm high. A modification
of this configuration exists featuring a ceramic tube, in which the powder is placed.
In order to prevent it from damage, the tube is then placed into a metallic die. The
punches, which are at the same time the electrodes, transfer pressure to the powder
with the help of a pneumatic system and serve as current leads bringing electric
pulses to the powder sample. The applied pressure reaching 400 MPa is created by
an air-operated press or an air cylinder developing a force of 50 kN. The high-
voltage capacitor bank is discharged through the powder.

The measuring system records the current amplitude and the pulse waveform in
the discharge circuit of the setup. The discharge current is measured using a
Rogowski coil, which is placed around the powder column. The pulse duration for
this setup does not exceed 600 μs. This value determines the time, during which the
energy is transferred to the powder. The temperature on the powder surface is
measured by thermocouples. The weighed powder is placed inside the tooling
consisting of a ceramic die and molybdenum punches, which is then set in the
pressing equipment. The pressure generated by the air cylinder is controlled by a
pressure gauge. Using this pressure, the powder is pre-compacted. Then the capac-
itor bank is charged up to a selected voltage. The trigatron receives a triggering
pulse, the electric circuit closes, and the capacitor bank discharges through the
pre-pressed powder material. The pressure is then released allowing the consolidated
part to be taken out of the pressing equipment. The HVEDC process does not use any
protective atmosphere or vacuum. Rogowski coils are usually used to measure the
current, and oscillographs are used to record the current waveform. Typical temper-
ature variations of the side surface of the powder column and the outer surface of the
die during HVEDC at a constant pressure are shown in Fig. 3.23.

Fig. 3.22 HVEDC setup developed in Moscow Engineering Physics Institute (MEPhI): (1) charg-
ing unit, (2) capacitor bank, (3) trigatron, (4) press form, (5) pressure system, (6) current pulse
recorder, (7) forevacuum pump, (8) ignition unit, (9) control unit [4, 9]
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A different variation of the electric pulse sintering setup has been developed by
Anisimov and Mali [35]. The powder material is pressed between two punches in a
die made of fabric-based laminate. A force of 20 kN is applied by a screw press.
Sintering is performed as a result of the discharge of a capacitor bank with a
capacitance of 3.4 mF and a voltage of 5 kV. The discharge consists of two half-
periods of current; the current amplitude in the second half-period is three times
lower than that in the first one. The sample diameter can be varied from 5 to 10 mm
and its thickness from 2 to 3 mm.

Electric discharge consolidation is also possible to implement in a setup, in which
the direction of current is normal to the pressure application axis. Such a design was
suggested by Anisimov and Mali (Fig. 3.24) [35]. The current density in the sample
was sufficient to sinter compacts with dimensions of 2 � 20 � 30 mm3. In order to
increase the pressure during sintering, an electromagnetic inductor was used utilizing
the same current that passes through the sample or working from an additional
capacitor bank. The magnetic pressure reaches 500MPa at an inductor current of
300 kA. The inductor experiences significant damage and survives only a single
experiment. The values of the current integral required for sintering measured for
this geometry are close to those obtained for a conventional loading scheme.

Sintering of a powder by electric current passing directly through the sample
is only possible when the powder material is electrically conductive. It is known
that upon heating semiconductor materials can become conductive. An important
characteristic affecting the sintering process is the sample resistance [46].

Fig. 3.23 Typical temperature variations of the side surface of the powder column (1–3) and the
outer surface of the die – insulating tube (4–6) during HVEDC at a constant pressure (thermocouple
method). Curves (1) and (4) were obtained at an amplitude of current density of 234 kA cm�2,
(2) and (5) at 195 kA cm�2, (3) and (6) at 156 kA cm�2. (Drawn using data of Ref. [9])
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Bilalov et al. [47] tried to sinter silicon carbide and aluminum nitride powders by
electric current using a setup shown in Fig. 3.25. The consolidation was performed in
insulating dies made of sapphire; the punches served as current leads. The powders
of SiC and AlN were loosely poured into the die. A high-power pulse generator
was the current source. Unlike other electric pulse sintering facilities, this one
includes a heating element to heat the powder prior to sintering.

Fig. 3.24 Electric discharge sintering setup: 1, electromagnetic inductor; 2, plunger; 3, electrode;
4, powder sample; 5, insulator; C, energy storage capacitor; К, switch. (Reprinted from Anisimov
and Mali [35], Copyright (2010) with permission of Springer)

Fig. 3.25 Schematic of the electric pulse sintering setup designed to produce SiC-based ceramics:
1, 2, electrodes; 3, die; 4, insulator; 5, powder; 6, voltmeter; 7, thermocouple; 8, heating element;
9, steel binding; 10, pressure measuring unit. (Based on Ref. [47])
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Jung et al. [48] have patented a method of making porous titanium implants by
electric discharge consolidation. Pyrex dies of different shapes including complex
ones with cavities and arcs were used. The die is connected to copper or brass
electrodes. The power supply of 100 or 200 V is used in this setup. By means of a
transformer, the voltage is increased up to 1–5 kV (the preferable value is 2.5 kV).
The current of a high voltage passes through the first switch and charges the
capacitor. After that the capacitor is instantaneously discharged through the powder
column. The consolidated samples are dense in the center and porous in the outer
regions.

High chemical reactivity of titanium causes the formation of an oxide film on the
surface of the Ti powder particles. To tackle this issue, a modified electric discharge
consolidation setup was developed [43, 49, 50, 51]. The alterations included the
addition of a vacuum system, automatic insertion of electrodes, a heat sink system,
and a high-vacuum switch (Fig. 3.26). This modified consolidation method was
named “environmental electro discharge sintering” (EEDS).

The vacuum system allows creating residual pressures of 2�10�3 torr. After
pumping, the discharge chamber is filled with argon up to a pressure of 1000 torr
to create an inert atmosphere. The EEDS method opens up new opportunities to
modify the surface of the consolidated materials. An et al. [49] used nitrogen as the
gaseous environment and observed the formation of titanium nitride on the surface
of the compact. The setup uses a quartz die of 4 mm diameter, tungsten cathodes, and
copper heat sink elements. The upper electrode has an automatic drive. The powder
is poured into the die and subjected to vibrational packing. No external pressure is
applied during the sintering process.

Alp et al. have suggested a hybrid consolidation method – electro impact com-
paction (EIC), in which the material is subjected to a DC current prior to electric
discharge consolidation [52]. This combination of the two processes resulted in

Fig. 3.26 Environmental electro discharge sintering (EEDS) setup. (Reprinted from An et al. [49],
Copyright (2005) with permission from Elsevier)
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higher relative densities compared with consolidation by the electric discharge
method only. An EIC apparatus shown in Fig. 3.27 consists of an assembly of a
punch and a hammer, a pulse coil, and a steel casing. An insulating material
separates the casing from the cylindrical high-voltage electrode. The low-voltage
electrode possesses an insulating cylinder. The powder is placed into a
nonconducting die. The apparatus is fixed on a steel plate. A high-voltage capacitor
bank can be charged up to 20 kV and is used together with an impact device. The coil

Fig. 3.27 Schematic of an electro impact compaction (EIC) apparatus. (Reprinted from Alp et al.
[52], Copyright (1993) by permission of Taylor & Francis Ltd., www.tandfonline.com)
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of a mechanical relay receives energy from a DC current generator. The pulse coil
makes the hammer held by a spring to move. The current is measured by a Rogowski
coil. The capacitor discharge induces the electromotive force in the toroid propor-
tional to the current. The current is recorded by a digital oscilloscope. The hammer
velocity is measured with the help of two optical fiber cables. The displacement of
the hammer during the discharge is measured by a capacitor sensor.

3.5 High-Energy High-Rate (HEHR) Consolidation Setup

High-energy high-rate (HEHR) consolidation was developed in the USA and
belongs to a group of processes, in which the electric energy evolves in the powder
leading to its heating. The power levels pertaining to this method are of the order of
1 MJ s�1 [11]. In this facility, a homopolar generator is used, which transforms the
energy of rotation into the electrical energy as a result of Faraday’s effect (Fig. 3.28).
The energy stored by the generator can reach 10 MJ. The homopolar generator can
create current pulses of 100–500 kA, which are used to sinter the powder materials.

During the discharge, the current passing through the powder reaches maximum
and then rapidly decreases to zero. An electric current waveform typical to the
HEHR method is shown in Fig. 3.29. The voltage applied to the powder is
<100 V. The pressure from a hydraulic press is applied for several minutes to
provide time for the heat to be dissipated from the electrodes to the copper plates.
The external pressure can reach 0.5 GPa. In Ref. [16], during consolidation of an
aluminum alloy powder, the maximum current reached 100 kA after 200 ms. At the
onset of the pulse, a pressure of 104 MPa was applied to ensure sufficient electrical
conductivity of the powder. As the current pulse decayed, the pressure was stepped
up to 207 MPa and held constant for another 5 min.

Fig. 3.28 Schematic of a HEHR setup. (Drawn using Refs. [11, 12])
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The die, electrodes, and contact surfaces of supporting rings are coated with
boron nitride to prevent the formation of electric arcs during the process of consol-
idation. The die is a seamless tube made of corrosion-resistant steel. The electrodes
are also made of steel. Another possibility is to work with an alumina die and protect
it by a steel tube to prevent it from damage during sintering [14, 15].

3.6 Capacitor Discharge Sintering (CDS) Setup

Capacitor discharge sintering (CDS) was first used for consolidation of powders by
Knoess and Schlemmer to produce dense compacts [19]. It was further studied and
improved by Fais, who used it for making nearly fully dense metallic materials and
metal–ceramic composites [21]. The CDS method uses two circuits coupled by
mutual inductance instead of a single RLC circuit. This configuration allows apply-
ing low voltages to the powder compact thus reducing the possibilities of discharges,
breakdown, and local plasma formation during the process. The CDS normally
produces nearly fully dense compacts, the porosity being present only in the surface
layer and uniformly distributed.

The CDS method is based on the storage of high-voltage electrical energy in a
capacitor bank inserted in a freely oscillating system composed of a primary circuit
and a mutually coupled secondary circuit (Fig. 3.30). The secondary circuit works in

Fig. 3.29 Current waveform in HEHR. (Drawn using Ref. [11])
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conjunction with a mechanical press, which is controlled by a programmed logical
controller. Once the desired pressure from the press is reached, the switch closes the
circuit, and the electromagnetic energy is transferred to the secondary circuit by
means of a transformer that enables conversion from high voltage and low current in
the primary circuit to low voltage and high current in the secondary circuit.

Knoess and Schlemmer [19] utilized a ceramic die as well as a conducting die
with an insulating coating. The punches were made of molybdenum. The applied
pressure was 1 GPa, while the voltage was less than 50 V. The powder was subjected
to 1–2 pulses of current (100 kA) during 2–3 ms.

The main advantage of CDS is the reliability of the electric discharge system,
which uses solid-state devices instead of ignitrons. The service life of the electronic
components of the primary circle is more than 107cycles, which ensures reliable and
reproducible discharges. When high energies are transferred to the powder compact,
the applied voltage can be reduced by a transformer. In the primary circuit, the
capacitors are charged up to voltages in the 1.5–3.5 kV range, whereas the current
passing through the powder has a voltage of 5–50 V. A high voltage is transformed
into a lower voltage during 2–3 ms, while the current pulse is 10–40 ms long. The
current density can reach 100 MA mm�2. The CDS does not normally use a
protective atmosphere or vacuum. A schematic of a CDS setup and variation of
the process parameters with time are presented in Fig. 3.31a.

In order to consolidate the powder, a certain amount of energy should be supplied
to the material. In order for the powder to receive an optimal amount of energy during
the discharge, the other elements of the circuit should possess an optimal electrical
conductivity. This concerns the capacitors, transformers, cables, and electrodes. It has
been proved that electrical conductivity can be improved by pre-pressing the powder
compact before sintering. In order to decrease resistance, copper electrodes may be
used. As pressure has to be applied during sintering, copper has to be replaced by an
alloy. Fais uses electrodes made of the Cu–1% Co–0.5% Be alloy [21]. Schutte et al.
[42] showed that the best results were obtained when the electrodes made of an oxide
particle-strengthened alloy were used (ODSC3/11). Egan and Melody [53] suggested
Cu–W protection for the electrodes.

Fig. 3.30 Equivalent electric diagram of the CDS setup [21]
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The temperature is measured by a pyrometer connected to a digital oscilloscope.
The maximum temperature is reached in 10–30 ms, which indicates the end of the
electric discharge (Fig. 3.31b). Cooling starts immediately after the discharge is
finished and lasts for about 1 s. During sintering, the surface layers of particles melt
at the microscopic level, while the integral temperature of the sample remains
relatively low. The pressure applied to the sample is provided by a hydraulic press
and reaches 1000 MPa. Schutte et al. used a hydraulic press with a possibility of
increasing load stepwise (with a step of 1 kN) [42].

Fig. 3.31 Schematic of a CDS setup (a) and sintering parameters (b)
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3.7 Pulse Plasma Sintering (PPS) Setup

Pulse plasma sintering (PPS) was developed at the Faculty of Materials Science and
Engineering of Warsaw University of Technology, Poland [17, 18, 54–56]. The
sintering technique used by Michalski and other researchers was initially called
pulse electric discharge and was a predecessor of PPS. The consolidation process
was carried out in two steps. The first step consisted of shaping the material at
pressures up to 1 GPa at room temperature. At the second step, the pre-pressed
sample 10 mm high and 10 mm in diameter was placed inside a setup, and a pressure
of 1.2 GPa was applied [17]. Sintering was carried out in argon. The discharge of the
capacitors (capacitance 200 μF) produces current pulses, which heat the sample. The
pulse duration was 100 μs, while the pulse frequency was 0.5 Hz. The capacitors
could be charged up to 7 kV. The punches (electrodes) carrying high current
densities (of the order of �10MA/m2) were made of titanium and aluminum. The
current during the pulse reached several kA.

PPS uses pulses of electric current passing through the sample with a simulta-
neous application of pressure. The capacitor used in the setup has a capacitance of
300 μF with the maximum charging voltage of 10 kV. The powder is poured into a
graphite die placed in between two graphite punches. The diameter of the die is
20 mm. The height of the samples can reach 15 mm. The pulse duration is usually
several hundred of microseconds, while the current amplitude can reach several
kA. The current source generates periodical pulses of current. The current pulse has
an oscillating character similar to the other electric pulse sintering techniques. Arc
discharges occur between the particles cleaning their surfaces and accelerating
diffusion. The PPS process has high thermal efficiency. As the pulse duration
(500 μs) is short in comparison to the interval between the pulses (1 s), the measured
temperature is lower than that of the powder particle experiencing the action of the
passing current, the latter possibly reaching several thousand degrees (Fig. 3.32). As
a result, the process acquires a quasi-adiabatic character [54, 55]. Prior to sintering,
the sample can be heated up to a selected temperature. PPS allows sintering of
powders into compacts of relative densities exceeding 99%. Sintering is conducted
in vacuum (Fig. 3.33), which differs this method from other methods based on the
application of pulsed current. The samples are cooled in vacuum under applied
pressure.

3.8 Briquetting by Electric Pulse Sintering

Pulsed current was suggested as a means to briquette dispersed metallic materials
(Fig. 3.34) [57, 58]. In this case, pulsed current solves the problem of reclamation of
metallic chips and other waste products of metallurgy. Materials for filters, getters,
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Fig. 3.32 Temperature variation during sintering by PPS. (Reprinted from Jaroszewicz and
Michalski [54], Copyright (2005) with permission from Elsevier)

Fig. 3.33 Schematic of an apparatus for PPS. (Reprinted from Rosinski et al. [55], Copyright
(2007) with permission from Elsevier)
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and acoustic and radio absorbers can be produced using the same technique.
Composite briquettes containing inclusions of a different material can be manu-
factured; thus, briquettes with dielectric and electrically conducting inclusions can
be made. The proposed pulsed current-based technology has been tried on chips
of metals and alloys of varying quality; briquettes of various shapes have been
obtained. The proposed technique includes pressing of the chips under a low
pressure of 0.7–6 MPa in a nonconducting die. Keeping the pressure on the sample,
electric current of high density is allowed to pass through it to form a briquette. The
capacitor bank has a total capacity of 15 mF. The stored energy is 200 kJ, and the
voltage is 5 kV. The current amplitude is 500 kA; the pulse duration is 250 μs.
Briquettes with a diameter of 50 mm and heights ranging from 100 to 140 mm were
obtained [57].

Metallic chips are pressed under relatively low pressures (up to 50 MPa, the
remaining porosity is about 50%); then, keeping the pressure on the material, an
electric pulse is allowed to pass through it resulting in the formation of a briquette.
The material to be consolidated can be the waste consisting of metallic chips,
powders, granules, or flakes including those coated with paint. Being pre-pressed
only, the material remains weak and does not retain its shape after the pressure has
been released. It is only with the application of electric current that the compact
acquires strength and the ability to hold its shape.

Fig. 3.34 A briquetting setup: 1, electric pulse generator; 2, press; 3, insulators; 4, punches
(electrodes); 5, insulating die; 6, chips [58]
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3.9 Pulsed Current-Assisted Shock Consolidation

An interesting use of the capability of electric current to enhance consolidation has
been found by Shvetsov et al. [59], who combined shock consolidation with a
passage of a current pulse coming from a discharging capacitor connected to the
consolidation ampoule. In Fig. 3.35, the setup for field-assisted shock compaction is
shown for the consolidation with a central rod, which is common in shock wave
technology. The powder was poured into a gap between the central rod and the inner
wall of the ampoule. The ampoule was placed along the axis of a cylindrical charge
of an explosive. Before the explosion, the central rod and the steel ampoule were
connected to a high-voltage supply. The powder compact was insulated from the
ampoule by a polyethylene film. After the capacitor was charged, the assembly was
in the waiting mode. As the shock wave disrupted the insulation, an electric current
passed between the ampoule and the central rod through the shock compressed
powder.

The effect of the current pulse on the microstructure of the shock consolidated
compact was significant: the part of the compact that was located closer to the
capacitor was denser than parts located farther from the capacitor. The application
of electric current has thus helped improve densification of what is known in
the shock consolidation technology as a “cold” layer – a layer adjacent to the central
rod and experiencing only moderate heating during shock consolidation. Evidence
of melting of the central rod has also been found. The developed scheme offers a
possibility to improve bonding between the central rod and the powder compact
consolidated by shock waves.

Fig. 3.35 Field-assisted shock consolidation setup: 1, explosive; 2, steel ampoule; 3, powder to be
consolidated; 4, detonator; 5, central rod. (Drawn using data of Ref. [59])
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3.10 Densification Kinetics Imposed by HVEDC

Since the governing parameters of the HVEDC technology are pressure and voltage,
the densification map describing the density dependence on these two quantities can
be built, as pictured in Fig. 3.36 for a ZrN powder [60]. The density of the specimens
increases with the load applied in the pre-pressing stage. This trend appears,
nevertheless, to have an upper bound. Given a value of electric current, a densifica-
tion enhancement is observed up to a certain value of the cold-pressing load, after
which any further increase affects density only slightly. Figure 3.36 also shows that
the dependence of the relative density on the voltage is linear. The electric power is
proportional to the squared voltage. If the voltage is applied for more than a few
seconds, the zirconium nitride specimens can reach a thermodynamically stable
structure. In this context, we expect the ZrN relative density to depend on the
squared voltage. However, the extremely short duration of HVEDC processes
leads to kinetically trapped structures, which renders the relative density linearly
dependent on the applied voltage. A raise in the electric current density that flows
through the powder compact leads to an increase in the density of the compact
[60]. However, beyond a certain critical value, the powders will release a significant
amount of voltage through the matrix. Quantitatively, the dependence between the
energy and the voltage is complex, since the material resistance depends on the

Fig. 3.36 The densification map of ZrN consolidated by high-voltage electric discharge consoli-
dation. The relative density of the specimens is given as a function of pressure and voltage. The
legend indicates the relative density. (Reprinted from Lee et al. [60], Copyright (2015) with
permission from Elsevier)
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relative density of the material, which evolves during the processing. In general, the
dependences between the process energy and the instant values of system internal
parameters, such as density, can be described by rather complex relationships,
including exponential/logarithmic terms [60]. Therefore, it may be expected that,
when explored over wider ranges of applied voltages, the relationship between the
relative density and the voltage may become nonlinear.

It should be noted also that for the completeness of the conducted analysis, it is
highly desirable to know the temperature of specimens according to the applied
voltages. However, in its current apparatus’ configuration, the temperature of spec-
imens could not be measured during HVEDC process due to very short pulse
duration.

The constitutive equation of the continuum theory of sintering [61] developed for
hot pressing can be used to analyze the effect of electric currents on densification
kinetics during HVEDC processes [60]. The constitutive equation for a nonlinear
viscous material is [60, 61]:

σz ¼ Am
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where σz is the load applied (Pa), θ is porosity (dimensionless), _θ is the porosity
change with time (1/s), and m is the strain rate sensitivity exponent. The material
constant Am (Pa � sm), which is a function of microstructure (principally reflecting the
influences of the grain size, sub-grain size, and dislocation density), is expressed by
an Arrhenius-type relationship [60]:

Am ¼ Am0T
mexp

mΔHSD

RT

� �
ð3:17Þ

where Am0 is a material’s constant (Pa�(s/K)m), T the absolute temperature (K),
ΔHSD is the activation energy for self-diffusion (J/mol), and R is the gas constant
(J/mol•K).

The sintering mechanism is related to the strain rate sensitivity m. For HVEDC, a
significant aspect to be taken into account for the modeling of the process is the
extreme rapidity characterizing this technique, which allows powders to be consol-
idated within a few seconds. A “zero-order approximation” of such technology
based on its peculiarly short processing time can disregard the influence of heat on
densification and, in view of the applied high pressures, can describe HVEDC as a
cold-pressing process.

From the constitutive equation for the cold-pressing case, the following relation-
ship can be derived [61]:

σz ¼ σy

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
3
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θ

s
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where σy is the yield stress of the bulk material.
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By substituting the experimental data on pressure and final porosity into
Eq. (3.18), the yield stress for each condition can be calculated, as shown in
Fig. 3.37a. It appears that when a low voltage is applied, Eq. (3.18) provides good
correlations with experimental data for a constant value of the yield stress of the bulk
material. Indeed, in low-voltage processes the short sintering time does not allow
enough time for the effect of heating to be significant, and the adoption of a cold-
pressing model can be considered adequate. When the voltage is increased, the
high electrical currents are involved, and the consequent increased heat and/or

Fig. 3.37 Constitutive equation fitting of high-voltage electric discharge consolidation results. (a)
yield stress variation with pressure and (b) m variation with voltage. (Reprinted from Lee et al. [60],
Copyright (2015) with permission from Elsevier)
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field-related phenomena compromise the validity of the purely plastic material
assumption, inducing a pressure-dependent behavior on the “apparent yield stress.”

The constitutive equation for a nonlinear viscous material, Eq. (3.16), was applied
to the HVEDC results to determine the densification mechanism (m value). Taking
the natural logarithm of Eq. (3.16) and rearranging,

ln σz � 1
2
ln
2
3

1� θ

θ

� �
� 1� θð Þ ¼ m

1
2
ln
2
3

1
θ 1� θð Þ þ ln _θ

� 	
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After inserting the average porosity rate by calculating slope and pressure given
in Fig. 3.36 into Eq. (3.19), a plot can be generated to determine m, as shown in
Fig. 3.37b. In the conventional sintering theory, the densification of a powder by
means of hot pressing provides 1 m value that is associated with a specific sintering
mechanism. However, Fig. 3.37b shows mostly an increase of the slopes (m value)
with increased voltage. Under low voltage, m¼ 0, which confirms that HVEDC acts
like quasi-cold pressing. Increasing the voltage leads to a change of the strain rate
sensitivity value m from 0 to 1, which is attributed to the increasing heat generation.

It appears that the combination of high pressure and voltage during HVEDC
induces a different behavior in the material with respect to those used for modeling
of hot pressing. The obtained first-order approximation provides an impetus for
future work on refining the mechanisms underlying the novel and still rare technol-
ogy of HVEDC.

3.11 Selected Examples of Materials Processed by High-
Voltage Electric Pulse Consolidation

WC–Co composites were successfully sintered by HVEDC, as reported in Refs.
[6, 7, 9]. Figure 3.38 shows the dependence of the relative density of the sintered
material on the peak current density. The WC–Co composite has the maximum
density when the peak current density reaches 95 kA cm�2. When the current density
exceeds 100 kA cm�2, the density of the compact dramatically decreases.

Fais [21] showed that 99% dense WC–Co composites can be produced by CDS
starting from a powder mixture containing 88% WC with a particle size of 120 nm
and 12% Со and using a discharge power of 30 kJ. Siemiazko et al. [62] used PPS to
conduct self-propagating high-temperature synthesis in the W–C–Co mixtures. The
synthesized material showed a 30% increase in hardness relative to the material
sintered from the mixtures of tungsten carbide and cobalt. Sintering was performed
at 1500 К. Figure 3.39 shows the evolution of hardness, relative density, and grain
size of the WC–Co composites with the sintering time; Fig. 3.40 demonstrates the
variation of fracture toughness of the composites sintered for different times. The
highest fracture toughness was achieved in the samples sintered for 10 min. With
increasing sintering time, the fracture toughness degraded.
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Fig. 3.38 Relative density of the sample vs. current density for WC-Co composites processed by
HVEDC (applied pressure 200 MPa). (Reprinted from Grigoriev and Rosliakov [7], Copyright
(2007) with permission from Elsevier)

Fig. 3.39 Hardness, relative density, and grain size of WC–Co composites obtained by
PPS vs. sintering time. (Drawn using data of Ref. [62])
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Pulsed electric current can assist in the preparation of complex composite mate-
rials, which are challenging to produce by other methods. Thus, cBN/WC–Co
composites with high strength and hardness were successfully produced by PPS
[63]. The composites were obtained by sintering of WCþ 0.5 wt.%VCþ Coþ cBN
in vacuum at a temperature of 1100
С under an applied pressure of 100 MPa for
5 min.

The composites were not fully dense having densities of 92.6% and 98.6%, while
the density of the material sintered without any addition of cubic BN was much
higher (99.5%). The fracture surface of the sintered composites revealed
transgranular fracture of the cBN particles (Fig. 3.41), which indicated strong
bonding at the cBN/WC–Co interface.

Another example of sintering of a multiphase composite is consolidation of
diamond/WC6Co by PPS [56] from a mixture of WC–6 wt.% Co (average particle
size 0.8 μm) and diamond particles ranging from 40 from 60 μm comprising 30 wt.%
of the composite. The hardness of the sintered material was 23 GPa.

PPS was successfully applied to join a W–Cu composite material to a tungsten
substrate [64]. The composite–substrate interface was free of cracks and pores; no
delamination effects have been observed (Fig. 3.42). Technologies based on pulsed
electric current are promising for the production of Cu–W composite stacks
[12]. A copper foil and a tungsten grid were used as the initial components. The
stack was pressed at room temperature and in ambient air. Keeping the pressure

Fig. 3.40 Fracture toughness KIC of WC–Co composites sintered by PPS for different times.
(Drawn using data of Ref. [62])
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Fig. 3.41 Fracture surface
of the 30 vol%
cBN-(WC-0.5wt%VC-6wt
%Co) composite ((a)
microstructure, (b) interface
between BN and the matrix).
(Reprinted from Michalski
et al. [63], distributed under
Creative Commons
Attribution (CC BY)
license, https://
creativecommons.org/
licenses/by/3.0/)

Fig. 3.42 W–Cu composite
joined to a W substrate [64]
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applied to the stack, a current pulse was allowed to pass through it. The resultant
composite was 95% dense.

PPS was shown to be suitable for the sintering of Cu–diamond composites
containing 50% of diamond [65]. Commercially available diamond powders were
mixed with pure copper and a Cu–Cr alloy containing 0.8 wt.%Cr. High relative
density and thermal conductivity of the Cu0.8Cr–diamond composite can be
explained by the formation of chromium carbide at the metal–diamond interface.
High thermal conductivity of the Cu0.8Cr–diamond composite makes it attractive
for heat sink management in high-power circuits. Although sintering was carried out
at a temperature, at which diamond is thermodynamically unstable, graphite was not
found in the sintered samples.

The preparation of dense copper by CDS has been described in Ref. [23]. A
copper powder with the particle size of 25 nm was used. Sintered by a discharge of
6 kJ, the compacts were 94–100% dense with a grain size of 26 nm and
microhardness of 183 HVВ.

Electric pulse sintering by a single discharge was used by Anisimov and Mali [35]
to consolidate copper powders at current densities �102 A mm�2 and pulse dura-
tions�10�4 s. Sintering was successful when the current integral (Eq. 3.7) exceeded
its critical value J∗ ¼ 1.4 � 1015 A2s m�4, which is significantly lower than that
required to cause complete melting of copper (J∗ ¼ 1.05 � 1017 A2s m�4). Nearly
fully dense Cu monoliths were obtained. The same method was used to sinter Cu–
40 vol.% TiB2 composites and mixtures of Ti–B–Cu containing Ti and B in the
amounts to form 40 vol.% TiB2–Cu composites. Porous composites were obtained
as a result of electric pulse sintering containing particles of TiB2 20–40 nm in size
distributed in the copper matrix. The critical value of the current integral was lower
in the case of reactive sintering (Ti–B–Cu) due to an exothermic reaction between
the components of the mixture (Tiþ2B¼TiB2). Although the sintered composites
maintained some porosity, their electric erosion resistance was four times greater
compared with monolithic copper. These experiments have proved that electric pulse
sintering is suitable for both reacting and non-reacting powder systems.

High-voltage electric discharges have been used to synthesize nanocrystalline
intermetallics Nb2Al and Nb3Al from a mechanically alloyed mixture of
Nb (77 wt.%) and Al (23%) [41]. The grain size of the mechanically alloyed
material was 5–8 nm. The pre-pressed samples of 75–85% relative density
(the external pressure was 450 MPa) were subjected to an electric discharge with
a specific energy of 1 kJ g�1. The two-phase material was 98% dense having grains
from 26 to 36 nm and hardness ranging from 14.7 to 17.6 GPa.

An et al. [49] employed EEDS to produce implant materials. Sintered parts
having a dense core and porous peripheral regions were obtained in a single step.
They are suitable for the successful intergrowth with the bone tissue. The implants
were sintered from an atomized titanium powder having particles 150–200 μm in
size. An electric energy of 1.5 kJ was evolved in the 0.7 g of the Ti powder. The
consolidation was performed in vacuum of about ~2 � 10�2 Torr. Figure 3.43 shows
the surface and the cross-section of the sintered sample [49].
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A review of the structure and properties of porous metallic materials produced
using high-voltage consolidation was presented by Minko and Belyavin [66]. The
electrical resistivity of consolidated metals was suggested as a convenient parameter
to control the quality of inter-particle bonding after consolidation. The dependences
of the electrical resistivity of the samples on the pressing pressure for titanium,
niobium, and tantalum were similar. As the pressure increased, a drop in the
resistivity of the samples was observed due to destruction of oxide films and the
formation of good metallic contacts between the particles of the powder. After
reaching a minimum, the resistivity started to increase with a further increase in
the pressing pressure. This effect was explained by insufficient heating of the
samples (at pressures greater than 20 MPa) during the consolidation (see Sect. 3.3).

3.12 Summary

High-voltage electric pulse sintering techniques have many characteristics common
to other consolidation methods that use electromagnetic fields; however, several
features pertaining to electric pulse sintering make it a self-standing area of powder
metallurgy. High-voltage electric pulse sintering has potential to provide technolog-
ical and economical benefits, which is possible due to the following process
characteristics:

– Short process duration
– Fewer processing steps in comparison with other sintering methods (a possibility

of combining shaping and sintering steps)
– Often palliated requirements for the sintering conditions (protective atmosphere

or vacuum may not be necessary)
– A possibility of making parts of the desired shape

One of the main challenges of high-voltage electric pulse sintering is achieving a
uniform microstructure of the material, which is a prerequisite for the uniformity of

Fig. 3.43 Porous surface (a) and cross section (b) of the sintered Ti sample. (Reprinted from An
et al. [49], Copyright (2005) with permission from Elsevier)
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the properties at a macro-level. In each particular case, however, optimal parameters
of consolidation should be found, which is an exigent task. The relative density of
the sintered material can vary in a wide range depending on the consolidation
parameters.

High-voltage electric pulse sintering is a unique technology suitable for sintering
of materials with a wide range of possible applications (from space industry to
medicine), including:

– Materials based on iron, copper, nickel, refractory metals, metals of high reactiv-
ity that are easily oxidized, complex mechanically alloyed materials.

– Electric pulse sintering is promising for consolidation of Al- and Ti-based rapidly
solidified alloys, which have oxide films on the surface.

– Dissimilar materials joined together (metal–ceramic composites and steel, com-
posites with non-conductive inclusions).

– Materials for specific applications (metallic glasses, superconducting composites,
high-strength materials, materials for filters, getters, acoustic absorbers), etc.

However, the list of materials that can be processed by electric discharge consoli-
dation is limited as the electric current should pass directly through the powder
sample. Another drawback of the method is the necessity of high-voltage equipment.

Overall, high-voltage electric pulse sintering is promising to improve the prop-
erties of structural materials by forming nanostructures. This is possible due to short
sintering durations implying that only slight changes in the microstructure of the
material will occur during the process. However, very high sintering rates make it
difficult to control the process parameters. Indeed, due to the transient nature of
many associated phenomena, the control of non-equilibrium concept is especially
important for high-voltage electric pulse sintering compared with many other field-
assisted sintering techniques.
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